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Preface 



The international interdisciplinary gathering of top 
level clinical and laboratory scientists in Mauls, Italy 
has developed from its beginning in 1984 into a fruitful 
tradition where worldwide experts active and knowl- 
edgeable in cerebral ischemia and trauma convene for 
update and exchanges of their most recent clinical and 
experimental findings and concepts. These meetings 
have, of course, experienced shifts in emphasis from 
the past until now, corresponding to the most actual 
developments, which were fascinating clinicians and 
laboratory scientists alike. The current Supplement of 
Acta Neurochirurgica is an example in case. Its virtue 
as before is that authors contribute articles in a review- 
like manner on their own field of research, according 
to the platform presentations at the meeting as indis- 
pensable basis for a spirited discussion of the expert 
attendants. 

The present proceedings again have subheads with 
a spectrum from the basic sciences to patient practice. 
For a change secondary brain damage is introduced 
this time by a philosophical analysis on relevance of 
knowledge by a well-known philosopher of the Uni- 
versity of Munich. The subsequent chapters contrib- 
ute to the actual understanding of molecular- and 
cell-biological phenomena underlying or activated in 
secondary brain damage , emphasizing the availability 
of novel procedures as gene profiling , the discovery 
of new molecules as BID or pathways, respectively 
of neuronal cells on the road to suicide triggered by 
trauma or ischemia. Conversely, also the survival of 
neuronal cells injured by trauma or ischemia is dis- 
cussed with regard to the support provided by neu- 
rotrophins. 

The breathtaking developments of the molecular- 
genetic and -biological armamentarium notwithstand- 
ing, scientists driven to solve remaining problems of 
secondary brain damage by using animals with genetic 
deletions must be aware of the shortcomings of these 
novel technologies. Further, while it is no question 
that ischemia constitutes the most important factor 



of secondary brain damage in brain trauma, as ac- 
knowledged from the beginning of these workshops in 
Mauls, the significance of inflammation is all but clear. 
Although inflammatory phenomena are seen in trauma 
and ischemia of the brain, as activation of white blood 
cells with emigration into the tissue presumably en- 
hancing damage, inflammatory cells may have benefi- 
cial properties as well. The chapter on the Janus-face of 
inflammation is analyzing this ambiguity. 

The exploration of novel cell-biological mechanisms 
on a molecular or more systemic basis causing apop- 
totic cell death, inflammation , or regeneration , provide 
useful objectives for therapeutical interventions ex- 
pected to be more specific than the present treatment 
modalities. This point is particularly important with 
regard to the deplorable situation that no drug is so 
far available in the hospital notwithstanding the enor- 
mous clinical and laboratory efforts. The Proceedings 
report new results with therapeutical promise, e.g. to 
interfere with the powerful proteolytic enzymes of 
neuronal cells ( caspases ), which definitely are proven 
now to have a causal function in neuronal cell death. 
Moreover, discussions of secondary brain damage are 
never comprehensive without up-to-date information 
on the mechanisms of how injured brain tissue re- 
sponds to a lesion, specifically how scar formation in- 
fluences regeneration. 

As before, the actual state of controlled clinical drug 
trials assumes a major role. Specific reports are focus- 
ing on the seemingly unsolvable problem of drug trials 
in traumatic brain injury, specifically why the enor- 
mous efforts were all failing to identify the benefit of an 
agent, which under laboratory conditions is effective. 
Hence, clinicians are concerned of how to overcome 
the prevailing barrier to obtain satisfactory results 
or, at least, reliable explanations of the continuing di- 
lemma. The pervasiveness of this fundamental prob- 
lem makes experts increasingly wondering, whether 
radically different approaches are required. One at- 
tempt could be to study by far greater numbers of cases 
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than recruited until now. This, however, would require 
to sacrifice valuable information on individual patients 
or, to identify surrogate endpoints. The Proceedings 
provide an impressive analysis of this conundrum 
which, however, is not restricted to the underlying 
causes but also delivers encouragement and sugges- 
tions for future improvements. 

One factor which could be responsible for the prob- 
lem is the lack of standardization of the management 
and care, which in fact comprises all the currently 
available treatment. Efforts were considered worth- 
while, therefore, to carry out a prospective system 
analysis of the patient management and care in severe 
head injury with beginning of data collection at 
the prehospital scene immediately after the accident. 
Thereby, valuable information was gathered on how 
efficient the routine management is to prevent second- 
ary brain damage. The results on standardization of 
treatment during this critical phase may be useful also 
for the planning of clinical drug trials. The findings 
of this population-based study, supported by the Ger- 
man Federal Government are impressive, as far as 
the technical standards and management qualities are 
concerned as shown, e.g. by the prehospital rescue , 
promptness of hospital admission , and subsequent diag- 
nosis and treatment. This optimistic interpretation is 
based on findings that, e.g. the combination of head 
injury with peripheral trauma ( polytrauma ) does not 
worsen outcome in comparison with isolated head in- 
jury of the same severity - provided the polytrauma 
patient does not have risk factors, as a poor blood 
pressure. Another indicator of the management qual- 
ities is that the time span until conclusion of acute care 
(defined as admission to the operation theater or inten- 
sive care unit , respectively) per se does not affect out- 
come. Accordingly, patients with duration of acute 
care of 3 hrs were not better off than the those with 
6 hrs from secondary hospital admission when neuro- 
surgical care was not available in the primary trauma 
hospital. Both, the lack of additional risk from poly- 



trauma per se as well as the high level of care dur- 
ing the acute phase serving as quality indicators may 
demonstrate substantial progress of the treatment in- 
cluding organization and management. 

In conclusion, the proceedings may help again new- 
comers of secondary brain damage , interested in neu- 
rotrauma and cerebral ischemia to become familiar 
with the most exciting advances in the field in a com- 
prehensive manner. The well balanced contributions of 
the laboratory and clinic illustrate again the enormous 
significance of the dialogue between both fields, ulti- 
mately for the benefit of patients. It is our hope that 
this publication contributes further to a better under- 
standing of secondary brain damage from trauma and 
ischemia as basis to develop more effective treatment 
including drugs. Finally, outcome from trauma and 
ischemia of the brain and spinal cord in the future 
should not be determined anymore by the manifes- 
tations of secondary damage but only by the nature 
and severity of the primary insult. 
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and publication of its Proceedings by the Bayer AG 
Wuppertal, Laboratoires Fournier, Daix France, the 
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nich sponsored by the Federal Ministry for Education 
of Research in Germany and, finally, the Verein zur 
Durchfuhrung Wissenschaftlicher Tagungen of the In- 
stitute for Surgical Research, University of Munich. 
The continuing support of Springer Vienna-New York 
and, last but not least, the secretarial assistance by 
Helga Kleylein and Heidi Mehne are gratefully ac- 
knowledged. 
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Knowledge matters 

W. Vossenkuhl 

Institute of Philosophy, Ludwig-Maximilians-University of Munich, Munich, Germany 



Usefulness and knowledge 

Common sense tells us that it is unreasonable to 
strive for things which are costly without paying and 
which are of no use at all. It would not be useful, e.g., 
to research the exact weight of King Henry VIII. Nor 
would it make sense to investigate whether the one- 
pronged fork was really invented by Herr Schnabel 1 
and not by anybody else. Using research-funds for 
such purposes would be most unreasonable as every- 
body might agree. 

But Common sense is far from always being rea- 
sonable itself. The maxim ‘useless’ equals ‘unrea- 
sonable’ very often goes wrong. It is indeed wrong 
whenever its contraposition - ‘reasonable’ equals 
‘useful’ - is wrong too. Under moral conditions it is 
wrong most of the time to identify the reasonable and 
the useful. Our conscience tells us that the useful, even 
if it is for free, won’t always go with the moral. One the 
other hand there are lots of things which are of no use 
whatever but nevertheless do appeal to us and seem 
to be reasonable to be achieved like, e.g., finding the 
biggest prime-number, writing poems or playing the 
piano. By the way, if the maxim ‘useless’ equals ‘un- 
reasonable’ was true in general all the research done in 
the Humanities would be unreasonable too because it 
has no measurable or quantifiable use. 

For a long time the Sciences and of course en- 
gineering were not bothered by the maxim ‘useless’ 
equals ‘unreasonable’. Their use, in particular the use 
of their research was evident. They could easily claim 
to produce useful and therefore reasonable knowledge. 



1 A person invented by Erich Kastner, the poet, in his Lyrische 
Hausapotheke. 



This was obvious from the development of industrial 
powers and civilizational prosperity. 

I’m using the past-tense here as the Sciences recently 
were not only criticized but again by Common sense 
argument - made responsible for the terrible ecological 
shape of the world. It seems as if scientific knowledge 
is useful and prone to turn out unreasonable or even 
dangerous at the same time. Indeed, nothing could be 
more unreasonable or even mad but to endanger the 
natural conditions of life on earth. 

This brief sketch shows that from a Common sense 
perspective both the Sciences and the Humanities may 
produce unreasonable knowledge, where the further 
is potentially dangerous and the latter more or less 
innocuous. These are judgements of value publicly 
present and most influential in Western societies in a 
variety of different ideologically biased groups. None 
of these groups, by the way, believes that both the 
Sciences and the Humanities are useless. This is most 
deplorable because the irrationality of these judge- 
ments of value would become plainly evident if their 
partisans applied them to the Sciences and the Hu- 
manities simultaneously. 

Judgements of value presuppose purposes and util- 
ities. Utilities enable us to ascribe values to something. 
This does make sense in economics. But if the utilities 
are inadequate and suit their subject matter like the 
adjective ‘gracile’ does a heavy-weight champion the 
judgements of value are wrong. All ideologies are built 
on wrong judgements of value. 

Inadequate utilities of boundless scientific progress 
like, e.g., the deliverance from all evils of mankind, as 
it were, ideas born from 19th Century enthusiastic 
scientism, led to ideological attitudes towards the 
Sciences. 
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Scientism, i.e. the belief in the liberating powers of 
scientific knowledge, is mistaken and like all enthusi- 
asm causes its own frustration. 

The delusions of scientism which are modern ver- 
sions of post-enlightenment frenzy enthusiasm should 
be taken to be social mischief. We best avoid it if we 
estimate the usefulness of the Sciences with great care 
and caution. Best of all would be not to estimate both 
the Sciences and the Humanities primarily according 
to their respective usefulness but with respect to their 
cognitive values and achievements. If we really want 
to avoid prejudices or ideological attitudes we better 
observe this maxim. 

But of course public funds are still granted accord- 
ing to the usefulness of expected knowledge. Shouldn’t 
we find it curious if not alarming that research grants 
and technophobia are based on the very same beliefs 
with only reversed signs. 

Technology assessment 

It would be naive to suppose that it is enough to 
avoid prejudice and to criticise scientism in order to 
render to the public an adequate view of the Sciences 
and their achievements. Public irritations and worries 
caused by disappointed scientism are just too big pres- 
ently. Ecological disasters fill in a long list which 
implicitly seems to be an accusation of science and 
technology: from Seveso the Bhopal, from Harrisburg 
to Tsernobyl. Ecological disasters or almost-disasters 
keep being as eagerly watched by the public as major 
political events. Science has become political this way. 

The weekly news about disasters encroach upon 
people’s minds causing anxieties and insecurity. Who 
will not be impressed and open for viable alternatives? 
Erwin Chargaff, the former biologist who criticizes the 
Sciences, proposed their abolition to avoid their great 
risks. Is this a sound proposal? In the vein of its logic 
the gazelles had to abolish the lions and the economists 
had to abandon the market to cope with their respec- 
tive risks. Nature and human society are full of risks. 
They got to be controlled as their causes cannot be 
done away with. 

No doubt, the risks of new technologies must be 
assessed. But it would be wholly besides the point 
to assign all responsibility for ecological disasters to 
the Sciences. Their causes are complex and manifold 
comprising individual failure and lack of control in the 
face of an immense number, diversity and densed al- 
location of technologies. Technology assessment may 



help avoid negligence born from ignorance towards 
risks and dangers. 

I am all for technology assessment but I suspect that 
the political hopes going with it are too big. To calcu- 
late the risks of technologies is based on a rather lim- 
ited amount of knowledge similar to what banks know 
about their customers borrowing money. The banks’ 
risks are normally balanced by the customers’ credit 
worthiness and securities. Their losses of money are 
compensated by equivalent values which are avail- 
able beforehand. But there is no equivalent compen- 
sation for technological risks. Monetary value does 
not cover qualitative damages of health and environ- 
ment. All calculations of risks nevertheless are bound 
to assume monetary equivalents for all types of 
damages. But their quantities should not be confused 
with the damages as they really occur. Most impor- 
tantly, the calculation of risks should never be mis- 
taken with mastering the probabilities of possible 
damage. Knowledge of risks never constrains the 
probability of disaster. 

Take, e.g., a game of dice. Casting a five is as prob- 
able as casting a six, that is to say 1/6. But casting 
either a five or a six double the probability to 1/3. Now 
imagine two risks in a game of losing with either a five 
or a six where losing with a five is a serious drawback 
compared to losing with a six. In this game the greater 
risk is as probable as the lesser. And the probability of 
both risks taken as a mutually exclusive alternative 
again doubles the probabilities of each. This game 
shows that calculating risks won’t tame the probability 
of the greater loss. 

We should not be mislead by the real achievements 
of technology assessment. It will never control the 
probabilities of possible disasters. The security which 
cannot be offered by technology will not be made 
available by technology assessment either. Knowledge 
of possible consequences and side effects of tech- 
nologies must be integrated into the scientific claims 
and standards of technological research and develop- 
ment. Security will be brought about primarily by 
those who design, develop and produce technologies. 

Belief in technology assessment may have a soothing 
effect similar to the provisions taken by that person 
who did not want to run the risk of being kidnapped on 
a flight. He called Lufthansa asking for information 
about the probability of a passanger being on board 
carrying a bomb. Very low probability indeed, he was 
told. He then investigated the probability of two pas- 
sengers being on board both carrying a bomb. Com- 
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pletely improbable, they said. He then decided to carry 
a bomb himself, just in case. Of course, he was wholly 
ignorant about the probability of himself or somebody 
else carrying a bomb being higher than the probability 
of either one carrying a bomb. He didn’t lower his risk 
of being kidnapped. It remained the same as before. 

Technology assessment should not be burdened by 
too great expectations nor should it be used politically 
to quiet public anxieties. Further, technology assess- 
ment should take special interest in the human and 
social quality of risks. This can be brought about by 
the moral analysis of the consequences and side-effects 
of technologies. 

Moral analysis 

The public attitude towards the Sciences has 
changed. Euphemistically it has been described as be- 
ing conditioned by a ‘problem of acceptance’. But the 
mutual relation between the Sciences and the Human- 
ities has changed as well. The former and the latter 
are both present in the discourse about moral issues in 
the Sciences, in the Humanities and in public life. The 
Humanities are asked, by politicians specially, to offer 
orientational guidelines to enable the Sciences to de- 
termine the limits of their research and the admissible 
risks of their methods and aims. The need for moral 
analysis is undoubted. 

But it is not clear how moral analysis should be able 
to offer orientation to the Sciences. First, the need for 
orientation is not unique in the Sciences. It is a general 
phenomenon of life. There is always a need for orien- 
tation whenever we try to balance our aspirations and 
powers with our moral obligations. The need for ori- 
entation means that we want to know if our aims and 
actions are good and responsible. Ethics is the type of 
analysis that tries to find an appropriate balance be- 
tween individual interests, obligations and public re- 
sponsibilities. 

Ethics is conservative in judging what we should do 
now and tomorrow by following principles which were 
valid long before. The validity of these judgements 
presupposes reliable principles. Whatever changes at 
will is not reliable. Ethics would be unable to offer re- 
liable judgements without being conservative. 

But ethics was always in trouble with its conserva- 
tism because the old principles were rarely sufficient to 
solve the new problems. The respect for life and prop- 
erty, the principle of equality, the principles of justice 
and fairness, and individual freedom are indeed prin- 



ciples we would not like to be changed or compro- 
mised. We nevertheless are in need of new principles 
for the protection of nature, principles which help us 
follow those older principles we hold deer under the 
present and changed conditions of life. We understand, 
e.g., that respect for human life is finally not to be re- 
alized if the life of other creatures is not respected too. 
This comes down to something like an ethical revolu- 
tion. The last revolutionary change similar to this one 
was the proposition of the principle of equality in 18 th 
Century Enlightenment. 

Ethics is not a closed kanon of principles. It is loyal 
to its older principles but is always in need of orienta- 
tion too. It looks out for new or supplementary rules 
and criteria to bring our aspirations, conduct and ob- 
ligations back into moral balance again. Of course, 
there is no agreement in ethics on the right principles 
and criteria of conduct. Rather, there is vast disagree- 
ment as the discussions on abortion and euthanasia 
show. There is no consensus on the value of life, nor on 
the licence to kill. 

But ethics follows a general theoretical obligation to 
look for criteria to cope with disagreement on princi- 
ples within its own domain in a rational way. Our 
own individual disagreements on values should not 
determine ethical analysis. Otherwise ethics could 
never claim to offer reliable judgements. Ethics must 
not settle with value-conflicts if it subscribes to the 
obligations of rational argument. 

On the other hand, ethics cannot and should not 
make anybody accept or disapprove of certain values 
authoritatively. Rather, ethics asks each person to 
determine her own beliefs and aims. Because we can 
only be responsible for what we are up to on our 
own. Responsibility presupposes autonomy and self- 
determination. Therefore self-orientation is our duty if 
we claim to be morally competent beings at all. To ex- 
pect unique and generally binding orientation from 
moral analysis confuses ethics with ideology. 

But if each scientist is asked to determine his own 
conduct anyway why does individual morality not 
suffice in doing science? Why do we need an ethics of 
science? Because the risks of doing research are just 
too big for the individual scientist’s personal responsi- 
bility. 

Now, how is ethical orientation in the Sciences pos- 
sible? Through critical ethical analysis of the values, 
aspirations and consequences of research. The debate 
in environmental and medical ethics are paradigmatic 
here. New types of analysis, like, e.g., Public Choice 
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Theory and the Theory of Collective Action are being 
developed to solve the problems of a fair allocation 
and use of public goods. Finally, ethical analysis has to 
take place within the Sciences if scientists want to re- 
alize self-orientation. Ethics only offers proposals and 
models of analysis but no ready-made solutions. 

But if moral problems of science and technology 
should be solved it will only be possible co-operatively. 
Ethical analysis is asked to take kindly to the particu- 
lar ethical problems in the Sciences. Any abstract rec- 
ommendations won’t do. Ethical expertise will only be 
available for scientists after a process of mutual learn- 
ing and information between those who do ethics and 
those who do science. Again, medical ethics and its 
achievements of mutual learning offer an example to 
be recommended. 

Dialogue and readability 

But mutual learning and an exchange of informa- 
tion is bound to overcome serious obstacles. Scientists 
and other academic professionals, indeed all those who 
do research work, are speaking in different tongues. 
Its a Babylonian confusion going on with very little 
knowledge of the key concepts, the basic methods, the 
overall framework and scientific perspectives valid in 
other fields. Knowledge in one field often seems wholly 
bizarre and virtually nonsensical from a detached 
view-point. It may sound like Karl Valentin’s “scien- 
tific chat”: “Rain is a prismatoidical disaggregation of 
airlike miasmatic catalectic vibriones ...” 

If something doesn’t make sense to me how could I 
take it to be reasonable? We normally hold something 
to be unreasonable if we cannot tell the difference, 
whether it really is or only seems to be reasonable. On 
the other hand, we hesitate to make the reasonableness 
of all knowledge depend on our subjective competence 
of understanding. Because other people’s knowledge 
is not supervenient on our own. Nevertheless we are 
bound to claim that reasonable knowledge must be 
transparent , i.e., it should in principal be open and 
accessible to rational judgement. In order to be trans- 
parent any representation of knowledge has to be 
readable. 

For reasonable knowledge we cannot do away with 
the claim of transparence. But some might see the 
danger lurking that transparence gives rise to making 
the mediocre the measure of the reasonable. I wouldn’t 
be bothered because the chance for mediocrity is small 
if all of those who have to offer cognitive achievements 



communicate their results in a readable way, read- 
able i.e., at least on basis of some general academic 
training. If scientific accomplishments become read- 
able again - as they used to be until about three or four 
decades ago - the Sciences’ contributions for a better 
understanding of the world will become obvious even 
for those who are presently full of doubts. In the last 
analysis the reasonableness of all knowledge is indi- 
cated by its substantive share in an improved and more 
comprehensive understanding of world and nature. 

We need Ubersicht, i.e. good observation of what 
is going on in science and technology to avoid preju- 
dice and mutual ignorance. We should be able to 
learn from each other and thus do our duty to ob- 
viate any further growth of techno- and scientophobia. 
Of course, we must first communicate in order to 
straighten out or own relations. There is still a lot 
of prejudice within the scientific community, a vicious 
circle as it seems and a road block if we should ever 
come to learn from each other. And mutual prejudice 
within the scientific community is growing the more 
the domains of knowledge are drifting apart from each 
other. Besides the problem of transparence mutual 
learning has to overcome the problems born from the 
speeding growth of knowledge in all fields. 

This makes it more and more difficult to decide 
about the minimal content of mutual knowledge. To 
strive for encyclopedic knowledge is definitely a lost 
option. But the minimal content of knowledge which is 
truly relevant is not easy to describe. There are at least 
two criteria of minimal content: first, it must be suffi- 
cient for ethical analysis, i.e., we need an understand- 
ing of possible risks and consequences of knowledge; 
second, it must be good enough to improve our picture 
of world and nature. 

But again, mutual learning and communication will 
only be possible if the Sciences offer readable knowl- 
edge, if the representations of cognitive content and 
scientific achievements are minimally transparent. A 
handy and unassuming test for minimal transparence 
is to understand answers to simple questions like 
“what are you doing?” We might in the end be able to 
catch a glimpse of the universe of knowledge which 
used to be the reference of the name ‘university’. 

By the way, readability and transparence do not 
come down to popularization. Something difficult is 
not to be explained if you just avoid the difficult 
bits. Journalists are supposed to popularize knowledge 
by making it simple and easy to understand. Trans- 
parence and readability preserve the basic structures, 
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the key notions and the reach of knowledge. Otherwise 
it will neither enable ethical analysis nor give an im- 
proved picture of the world. 

Readability and transparence of scientific knowl- 
edge are not only wanted by the members of the scien- 
tific community. There are members of parliament and 
bureaucrats in political institutions to decide about 
the funding of the Sciences and academic institutions. 
They have an interest in the transparence of scientific 
knowledge too. If the cognitive content of research is 
not to be communicated how will public funding ever 
be guided by rational insight? 

The Sciences, the Humanities and the Arts offer the 
only human ways of understanding the world. The 
reasonableness of knowledge, as I claimed above, de- 
pends on its contribution to an improved and more 
comprehensive picture of the world as a whole. But if 
the increase and particularization of knowledge im- 
pairs its communication, scientific knowledge will not 
contribute to an understanding of the world. The less it 
contributes the more its enhancement is unreasonable. 

Please note, its not its quantity which makes knowl- 
edge unreasonable but our inability to discriminate 
between reasonable and unreasonable knowledge. In 
other words, we are unable to give a perspicuous and 
structured account of knowledge, structured, as it 
were, to fit an intelligible picture of the world. But 
what shall we do with unreasonable knowledge? We all 
know what we do, the only thing to be done with it: it 
is put in alphabetic order, catalogued and adminis- 
trated in libraries where the empty spaces are dwin- 
dling away. Thus knowledge becomes antiquarian be- 
fore its cognitive value has become apparent, before 
we had the chance to become more knowledgeable. 

I started off pleading not to confuse the reasonable 
with the useful and judge scientific knowledge primar- 



ily according to its cognitive value. From contem- 
porary techno- and scientophobia we learn that the 
Sciences are vulnerable to ideological prejudice if its 
use determines its value. Finally I mentioned some 
of the difficulties to judge the cognitive value of scien- 
tific knowledge and tried to clarify some of the criteria 
of reasonable knowledge. In between I dealt with the 
need for orientation and ethical analysis. 

I do believe that these areas of problems are in- 
timately connected. Just observe the chain of condi- 
tionals from its end: if we don’t perceive the value 
of scientific knowledge for our understanding of the 
world, we cannot tell the difference between reason- 
able and unreasonable knowledge; if we cannot discern 
this difference we are unable to develop a reasonable 
picture of the world as a whole; if we don’t have such 
a picture available we are in need of orientation in 
whatever we research and investigate. In this case we 
lack Ubersicht, we have no survey. The need for ethi- 
cal analysis seen from this angle is nothing but a lack 
of reasonable knowledge. 

But of course, reasonable knowledge is not easily 
available. It might nevertheless be easier to get than 
knowledge of the notorious “Schleswig-Holstein af- 
fair”. In the House of Commons Lord Palmerston, 
then prime minister, was asked about the “Schleswig- 
Holstein affair”. Palmerston explained that there were 
only three people who ever knew what the “Schleswig- 
Holstein affair” was all about: Bismarck, himself of 
course, and a German philosopher. Bismarck was 
dead, he had forgotten and the German philosopher 
went mad thinking about it. 

Correspondence: W. Vossenkuhl, Institute of Philosophy, 
Ludwig-Maximilians-University of Munich, D-80539 Munich, Ger- 
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Summary 

Microarray analysis has been emerged as a tool to characterize 
the overall reaction of cells in culture or tissue to different stimuli 
e.g. stressful events by analysing bulk RNA present at a particular 
time point. It has supplemented or even replaced more traditional 
methods like cDNA-bank sequencing or conventional differential 
display. The commercial availability of several different precoated 
arrays and the ease of handling has supported the broad distribution 
of this new technique. 

The basic protocol involves the hybridization of complementary 
strands of labelled DNA or RNA from cells/tissue with representa- 
tions of known genes spotted onto a solid support (nylon, glass). 
Labelling can be radioactive (P 32 / 33 ), by a hapten group (biotin, di- 
goxigenin, aminoallyl) or by fluorescent (Cy3, Cy5 etc.) nucleotides. 
Detection is performed by autoradiography, chemiluminescence 
or fluorescence scanning. There are different setups of arrays avail- 
able: either known genes/gene-groups (apoptosis, cytokines etc.) are 
spotted as PCR fragments, plasmids or synthetic oligonucleotides 
or representations of the known genome are directly synthesized as 
short sequence tags of 20-70 oligonucleotides on glass chips. The 
latter allow the identification of newly expressed genes whereas the 
former deal with known genes. Ideally, the intensity of the signal can 
be correlated with the relative expression of a known gene and allows 
the comparison with a standard. Problems arise from the quality of 
the sample material, the standardization of the protocols and the 
data management. Nevertheless, gene profiling by cDNA-arrays will 
definitely be integrated into routine screening programs. 

Keywords: Gene expression; DNA-Array. 

It is the basic understanding of biology, that thou- 
sands of genes and their products in a given organism 
function in a complicated way to adapt the system 
to external and internal stimuli. In an experimental 
systems this reaction of an organ or cell system can 
be followed by measuring the amount and quality of 
mRNA synthesized in response to a known trigger. 



The author apologizes that due to the enormous increase in pub- 
lications using microarray analysis only a small sample of relevant 
citations could be included. 



This has conventionally been analysed by Northern 
blotting, RNAse protection or dot blot analysis. More 
recently the possibility and ease of handling of the 
polymerase chain reaction has introduced RT-PCR 
into the experimental and diagnostic repertoire. Al- 
though all this methods are accurate and stringent they 
all bear the inherent problem that one surveys only a 
restricted amount of genes and has to know exactly 
which gene one is looking for. This makes it reason- 
able to oversee important candidate genes involved 
in regulation. To circumvent this, micro array analysis 
has emerged as a powerful, high throughput tool to 
measure the relative expression of thousands of indi- 
vidual genes in parallel under different experimental 
conditions [6, 13] or between different pathological 
entities. 

The experimental basis is to compare mRNA ex- 
pressed in one subset of cells/tissue with a control set. 
So the experimental steps include isolation of the RNA 
of interest in form of total or mRNA, labelling of it 
and hybridizing it to an array of pieces of DNA with 
known sequence. The basic technology includes hy- 
bridization of labelled cDNA from a target sample 
with an array of complementary DNA or oligonu- 
cleotides of known sequence spotted onto a solid sup- 
port matrices like nylon, plastic or glass. For this total 
RNA or mRNA must be isolated from the target cells 
or the tissue sample of interest. This is usually an easy 
approach when dealing with isolated cells in culture 
but not trivial with organ samples. Since cells in cul- 
ture can be exposed to a particular stimulus all at once 
the reaction can be assumed to be uniform and differ- 
ences in RNA expression reflect the specific answer to 
the stimulus. In complex tissue samples on the other 
hand it is always difficult to answer specific questions 
since different cell types/areas of an organ may react 
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Fig. 1. Histologic section of a brain after cold injury. The dotted line gives the extend of necrosis immediately (a) and 24 hours (b) after the 
injury. The zone adjacent to the initial necrosis is the area of interest for the analysis of expressed genes by e.g. gene-array. (Histology kindly 
provided by Prof. A. Baethmann/Dr. J. Eriskat) 



differently. To give an example, the gene profiling of 
new and specific genes expressed after an initial insult 
in the brain could be laborious and even show no 
difference, when the samples contain cells with differ- 
ent sensitivity to the injury. So only the isolation of the 
specific areas/cells allows to ask precise questions. This 
can be illustrated by an example of an injury to the 
brain, where after the primary damage a secondary 
brain damage may develop in the area around the pri- 
mary necrotic tissue (penumbra, Fig. 1). This area is of 
special interest since the follow up of genes expressed 
could give valuable insights into the developmental 
regulation of the tissue damage and may offer thera- 
peutic clues. Other examples where the discrimination 
of gene expression is important are differentiation be- 
tween cancerous and normal or inflamed and control 
tissue. In all these cases one needs a very accurate sep- 
aration between the samples of interest and proper 
controls. For this accurate decision sophisticated de- 
vices (laser capture) exist which allow the isolation of 
the samples of interest from the rest on slightly coun- 
terstained histologic preparations [7]. It is quite obvi- 
ous that the amount of RNA which can be isolated 
from such small samples is limited and sometimes 
further analysis needs amplification steps. There are 
amplification procedures for RNA as well as cDNA 



around but due to the problem of non linear amplifi- 
cation of the template the results might be hard to in- 
terpret. Direct labelling of the cDNA using reverse 
transciptase and properly labelled nucleotides is the 
method of choice when enough RNA is available. 
Protocols vary from 100 ng to 2 pg RNA as the 
amount of starting material required. Labelled nu- 
cleotides include radioactive, fluorescent, biotin, di- 
goxigenin or aminoallyl-tagged dNTP. The choice of 
label depends on preferences and the equipment of 
the laboratory for detection after hybridization. There 
might be differences in the processivity of the reverse 
transciptase depending on the alteration in the differ- 
ent nucleotides. After labelling, this template is now 
ready for hybridization to an array of DNA or oligo- 
nucleotides spotted onto a solid support. 

Arrays commercially available differ in at least three 
points: the genetic information used on the array, the 
technology of application and the material for the ar- 
ray support. The genes can be represented on the array 
as plasmid DNA, PCR-products or oligonucleotides 
spotted or directly synthesized on the support. All of 
these methods have advantages and disadvantage: 
Plasmid DNA has the inherent problem of high back- 
ground hybridization with e.g. bacterial DNA, PCR 
products must be highly purified but due to their length 
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are quite specific and oligonucleotides must have a 
certain length and need a lot of bioinformatics for their 
design. With this regard nucleotides from 50 to 70 base 
length have been shown to be reasonably specific and 
might be the method of choice because they can easily 
and well defined be synthesized and spotted. In addi- 
tion defined regions and multiple segments of a par- 
ticular gene can be applied which serves as a good 
control for mispriming. The more advanced technol- 
ogy of the synthesis of overlapping nucleotides repre- 
senting the total known genome directly on the glass 
support as developed and sold by Affymetrix gives an 
excellent overview but is very expensive. In addition 
the test needs expensive lab equipment which is nor- 
mally not in the basic setup of a routine lab. 

Material for the support: Originally the arrays con- 
sisted of plasmid DNA spotted onto a regular nylon 
membrane. But soon after that glass arrays became 
available. Nylon arrays have the advantage that the 
basic technology for hybridization is present in rou- 
tine molecular biological labs from traditional tech- 
niques like Southern, Northern or dot-blotting. In 
addition the tools for the detection of the hybridized 
signal whether you screen with a radioactive or a 
tagged probe and enzymatic detection including 
chemiluminescent substrates are available in a stan- 
dard molecular biology lab. Another approach was 
spotting the genetic information in form of plasmid 
DNA, PCR-products or synthetic oligonucleotides on 
glass slides or even synthesizing stretches of genes as 
oligonucleotides directly on an activated glass support. 
Glass slides have the advantage that the information 
can be very densely spotted and that the hybridiza- 
tion can be done with fluorescently labelled cDNA. 
By using different fluorescence tags it is possible to 
screen a particular expression profile to be evaluated 
on the same array provided that a scanner/detector 
with the correct wavelength is available. A popular 
combination involves the labelling of the control sam- 
ple with e.g. Cy3-dUTP and that of the experimental/ 
stimulated samples with Cy5-dUTP. Both targets can 
then be mixed and hybridized on the same array. 
Testing it on the same array allows to bypass problems 
with the variability in the actual hybridization process 
or in the quality of the array itself. 

One problem comes with the quality and reproduci- 
bility of the genetic information on the array. Thus 
arrays are sometimes a kind of a black box and the 
user relies on the information offered by the manu- 
facturing company. That this is not a trivial problems 



can be seen from a recent estimate that up to 30% of 
arrays have been tested erroneous [4]. So proper con- 
trols are needed. The presence of several housekeeping 
genes as positive controls as well as bacterial or yeast 
genes as negative controls are important steps in the 
development of reliable standards. In addition the 
representation of several stretches of the same gene 
and the inclusion of hybridization controls by adding 
mismatch controls adds further certainty in the specif- 
icity and information got by this technology. The in- 
clusion of a control by spiking the sample with a e.g. 
phage RNA and having the corresponding sequences 
on the array allows normalization and quantification 
of this particular sequence as well as detecting differ- 
ences in the overall hybridization between different 
sets of arrays. 

Quantification is of particular interest. Detection 
limit and threshold for differences are important deci- 
sions followed by an evaluation software since han- 
dling of teens of thousands of gene sequences is usually 
beyond the scope of manual elaboration. A difference 
in the hybridization signal of more than twofold is 
expected to represent a distinct difference in expression 
of this gene. As shown diagrammatically on Fig. 2 the 
intensity of the hybridization signal for each particular 
gene can be arranged in a coordinate grid. Every devi- 
ation from the diagonal axis indicates a difference 
between the control (x-axis) and experimental group 
(y-axis). A difference of more than twofold is expected 




10 L * i — i t 

io ioo i.ooo io.ooo mono 



Control 

Fig. 2. Histogram of an array analysis. Relative intensities for given 
genes in control as well as stimulated cells are plotted. Dots on the 
diagonal are equally represented in controls and stimulated cells. 
The range for x2 and x 10 is given as an example. Dots beyond this 
limit show over/under-representation of a given gene 
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to be of relevance. One can easily see, that even this 
stringent determination gives numerous differentially 
expressed genes. Having ~65 000 tags on the Asyme- 
trix chip does’ t allow the manual evaluation. For this 
evaluation sophisticated computer programs have 
been developed including statistical programs and ar- 
tificial neural networks [3, 1 1]. At the end total analysis 
needs pattern recognition as well as data mining expe- 
rience is important. 

So, how to make a decision on a certain experiment 
which array is useful for getting maximal/optimal and 
also meaningful results? It mostly depends on whether 
the goal of the experiment is to get an overview on as 
many as possible known genes or the detection of new 
genes. The former can best be answered by using an 
array where DNA from gene-families e.g. cytokines, 
adhesion molecules or expected candidate genes like 
stress genes, cell cycle genes or genes suspected to be 
involved in cancer are spotted on the array. The ad- 
vantage with arrays like these is that only known genes 
with a defined function are represented on the array so 
that interpretation is more convenient. A disadvantage 
is that the use of these arrays will disregard the detec- 
tion of new and unknown genes. Therefore, arrays are 
around with huge amounts of sequenced genes but also 
ESTs with even unknown function. The information 
on the human genome even allows to represent the 
total genome-sequence on a chip. 

Examples for the different setups have proven their 
usefulness. So the total analysis of 65 000 genes on 
diseases as different as leukemia [1] has changed our 
view on disease classification with consequences even 
on the therapy [2, 8]. On the other hand after these 
pioneering work it is now clear that only a handful 
of genes allow the differentiation of leukaemia and 
therefore has reduced the number of genes to be ana- 
lysed in clinical practice. Other examples from brain 
research shows that DNA-array analysis has broad- 
ened the view on tissue specific gene expression within 
the brain, pathopyhsiology of ischemia as well as some 
disease [5, 9, 10, 12, 14]. An interesting outcome from 
these experiments is that quite often only a handful of 
genes are differentially expressed making it easier for 
follow up studies. 

Microarray technology (including oligonucleotide 
arrays and cDNA arrays) offers great promise to 
functional genomics research, and potentially trans- 
forms the diagnosis and treatment of diseases. Limi- 
tations include the paucity of RNA from small sam- 
ples, the quality of RNA from medical samples, the 



detection limit (2X) but also the price for arrays. 
However, a standard protocol for microarray data 
analysis has yet to be established. There are attempts 
to standardize the procedure to make results compa- 
rable. There are also suggestions for the adoption 
of standards for DNA-array experiment annotation 
and data representation, as well as the introduction of 
standard experimental controls and data normaliza- 
tion which may even influence the reviewing process 
for publication (for information see internet pages). 
The critical assessment of microarray analysis guar- 
antees that it will be a powerful method which finally 
will be part of the basic laboratory tools for analysis by 
which it will be possible to create important scientific 
progress. 
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Summary 

Cell death following focal cerebral ischemia has an acute and a 
delayed component. Delayed neuronal cell death occurs via activa- 
tion of molecular signalling pathways resembling apoptosis in non- 
neuronal cells. Cell surface cell death receptors and damage to mi- 
tochondria or DNA initiate these pathways finally leading to DNA 
fragmentation and cell death. Central mediators of delayed neuronal 
cell death are two families of molecules: a group of cysteine aspartate 
proteases, called caspases, and molecules of the bcl-2 family, e.g. 
bcl-2, bax, and bid. Caspases initiate and execute cell death, while 
bcl-2 family members modulate death signalling and lead to release 
of pro-apoptotic molecules from the mitochondrial intermem- 
branous space, e.g. cytochrome c and apoptosis inducing factor 
(AIF). Cytochrome c induces cell death by activation of caspase 9 
and 3, while AIF leads to detrimental DNA damage by an capase- 
independent pathway. The current paper reviews recent findings 
dealing with pre- and post-mitochondrial cell death pathways acti- 
vated by focal cerebral ischemia. 

Keywords: Cerebral ischemia; Cell death; Bcl-2; Bid, AIF. 



Programmed cell death is a feature of chronic 
and acute neurodegenerative diseases including Alz- 
heimer’s and Huntington’s disease, amyotrophic lat- 
eral sclerosis (ALS), and stroke [20, 42]. It is mediated 
in part by caspases, a family of cysteine proteases that 
cleave and disassemble proteins essential for cell sur- 
vival [26]. Caspases are activated during cerebral is- 
chemia [13, 22, 36], and ischemic cell death is sig- 
nificantly attenuated by caspase inhibition [11] or 
caspase gene deletion [29]. 

The sequence of events leading to caspase activation 
has been well characterised in non-neuronal cells [33]. 
In these cells, Bid, a 22 kDa cytosolic member of the 
Bcl-2 family of pro-apoptotic proteins [37], provides 
one mechanism by which TNF/Fas family death re- 
ceptor activation is linked to downstream events 
[21]. These death receptors activate caspase-8, which 
cleaves Bid to its truncated active form (tBid; 15 kDa) 



[16]. tBid targets the outer mitochondrial membrane 
and induces conformational changes in BAK and 
BAX [43] and by so doing, triggers the release of cyto- 
chrome c and apoptosis-inducing factor (AIF) into the 
cytosol [34, 38]. Cytochrome c together with APAF-1 
and caspase-9 form the apoptosome complex, which 
results in activation of caspase-3 and other effector 
caspases which ultimately cause cell death [44]. Upon 
release from mitochondria AIF translocates to the 
nucleus where it induces DNA fragmentation by an 
caspase-independent, yet unknown mechanism. The 
importance of Bid in death receptor mediated pro- 
grammed cell death and in amplification of upstream 
cell death signals is demonstrated by the fact that bid 
knockout mice are strongly resistant to death receptor 
induced hepatocellular apoptosis [40]. 

Similar molecular events leading to programmed 
cell death in non-neuronal cells have only recently 
been described after experimental stroke (focal cere- 
bral ischemia), e.g., expression of cell surface death 
receptors of the TNF/Fas family [12, 17, 27], cleavage 
of caspase-8 [36] and caspase-3 [22], and release of 
cytochrome c from mitochondria [8]. That these 
molecular signalling pathways have also a therapeutic 
potential has been shown by the neuroprotective action 
of caspase inhibitors [4, 6] and by the fact that caspase- 
3 knock-out mice have significantly smaller infarcts 
than their wild- type littermates [14]. 

Until recently very little was known about the 
mechanisms leading to release of mitochondrial pro- 
teins after cerebral ischemia, e.g. whether Bid is ex- 
pressed in the brain and whether it has similar death- 
promoting properties as in non-neuronal cells. To 
explore this hypothesis, we used well-characterised 
models of ischemic cell death [oxygen-glucose depri- 
vation (OGD) and middle cerebral artery occlusion 
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Fig. 1. Cytochrome c release after focal ischemia. Following ische- 
mia, 41% less cytochrome c was measured by ELISA in the cytosol 
of Bid - / - mice (n = 4) as compared to wild type littermates (n = 4, 
*p < 0.03). From [25] 



Fig. 2. Ischemic damage is reduced in Bid - / - mice. Infarct volume 
was reduced by 67% in Bid - / - mice as compared to wild type mice 
(n = 8 per group; *p <0.01) after 30 min middle cerebral artery 
occlusion and 48 hours reperfusion. From [25] 



(MCAo)] to determine whether Bid is cleaved after 
ischemia, and whether bid knockout mice show neu- 
roprotection after experimental stroke. In addition we 
examined the relationship between the presence of ac- 
tivated Bid (tBid) and cytochrome c release in adult 
mouse brain. 

Our findings demonstrate that in the CNS, cyto- 
chrome c release in ischemic striatum from bid~/~ 
mice is attenuated following middle cerebral artery 
occlusion (Fig. 1), and that caspase-3 activation is 
reduced after oxygen glucose deprivation in bid~/~ 
cortical neurons [25]. As a consequence Bid deletion 
reduces neuronal cell death after oxygen glucose dep- 
rivation and after focal cerebral ischemia (Fig. 2) [25]. 
Our findings establish Bid as a critical mediator of is- 
chemic cell death within the central nervous system. 
Despite strong evidence linking Bid to pore formation 
in the outer mitochondrial membrane and to cytosolic 
release of cytochrome c, cytochrome c release was not 
completely abrogated in cells and tissues of bid~/~ 
mice. Release was apparently not caused by complete 
rupture of mitochondrial membranes as cytochrome 
oxidase, a mitochondrial protein, was not detected in 
cytosolic fractions (data not shown). Our data suggest 
that Bid is not the sole mechanism for cytochrome c 
release after cerebral ischemia. Other mechanisms and 
molecules may contribute to the release process, such 



as unique mechanisms related to Bax, Bad, Bcl-2, Bcl- 
Xl, oxygen radicals, MnSOD, or opening of the 
mitochondrial permeability transition [7, 10, 31, 32]. 
Furthermore, BCL-2, and BCL-w modulate cyto- 
chrome c release, and an increase in their expression 
could protect tissues from injury during ischemia [19, 
39]. Bid and other mechanisms may also effect survival 
in non-neuronal cell types (e.g., astrocytes, endothe- 
lial cells, microglia) spared in ischemic bid~!~ mouse 
brain. Further work is necessary to clarify this point. 
Nevertheless, the results generated using bid~/~ mice 
convincingly demonstrate a prominent role for Bid in 
acute CNS injury. 

Our findings concerning Bid also shed light on the 
signalling pathway activated in neurons after an is- 
chemic insult. In non-neuronal cells, caspase activa- 
tion can occur via a sequence of events known as type 
II death receptor signalling [28], in which stimulation 
of death receptors activates caspase-8. Caspase-8 in 
turn cleaves Bid to tBid. After migration to the mi- 
tochondrial membrane and interaction with Bax, tBid 
causes cytochrome c release from mitochondria and 
results in the activation of caspase-3 and other cas- 
pases. Our data show that the molecular pathway 
for ischemic cell death in neurons resembles the type 
II pathway. Caspase-8 is constitutively expressed in 
brain, and focal ischemia triggers its activation in vivo 
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Fig. 3. AIF translocation after focal cerebral ischemia. In the cerebral cortex of sham operated mice ( Control) AIF is only located outside the 
nucleus, i.e. in mitochondria. Already one hour after reperfusion from 45 min middle cerebral artery occlusion AIF translocates to the nucleus 
in single cells. Four and 24 hours after ischemia cells with nuclear AIF show typical signs of delayed neuronal death, e.g. nuclear condensation 
and fragmentation. From [24] 



[36]. We have shown that caspase-8 cleaves Bid to tBid 
from brain homogenates (Fig. lb). Taken together, it 
is likely that caspase-8, being the cysteine protease 
with the strongest Bid-cleaving activity, mediates Bid 
cleavage in the CNS [16]. 

Although caspase activation has been identified as 
a major molecular mechanism of programmed cell 
death, recent findings indicate the importance of addi- 
tional non-caspase-dependent mechanisms [1, 2, 23]. 
Recently, a novel pro-apoptotic molecule, apoptosis- 
inducing factor (AIF), was identified [35] as a 67 kDa 
flavoprotein with significant homology to bacterial 
and plant oxidoreductases and located in the mi- 
tochondrial intermembranous space. Upon release 
from mitochondria, AIF migrates to the nucleus where 
it induces large-scale (~50 kbp) DNA fragmentation 
and apoptosis by a yet unknown, caspase-independent 
mechanism [3, 23]. Based on these assumptions AIF 
may be a novel factor that is released together with 
cytochrome c from mitochondria and leads to cell 



death following experimental stroke (focal cerebral 
ischemia). Experiments performed on primary cul- 
tured neurons after oxygen/glucose deprivation and 
on mouse brain tissue subjected to focal cerebral is- 
chemia by MCAo, clearly demonstrate that apoptosis- 
inducing factor (AIF) was indeed released from mi- 
tochondria and translocates to the nucleus during 
post-ischemic neuronal cell death in vivo and in vitro 
(Fig. 3). AIF translocation to the nucleus was asso- 
ciated with apoptosis-like nuclear morphology, e.g., 
nuclear condensation and fragmentation, DNA dam- 
age, and with cell death, suggesting that AIF may be 
involved in post-ischemic neuronal cell death [24]. 
Counting of cytochrome c- and AIF-positive cells 
in ischemic brain tissue showed that the number of 
cell showing nuclear AIF staining outnumbered those 
showing mitochondrial cytochrome c release [24]. 
This may suggest that AIF and cytochrome c, which 
cause caspase-independent and caspase-dependent 
DNA damage downstream of mitochondria, respec- 
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tively, are equally important for cell demise in cere- 
bral ischemia. The parallel or subsequent activation 
of caspase-dependent/cytochrome c-mediated and 
caspase-independent/AIF-mediated cell death path- 
ways may well serve as a good explanation for sev- 
eral previous findings after experimental stroke. For 
example, caspase-3 knock-out mice show significant 
neuroprotection after focal ischemia [15], however, 
less than was anticipated based on previous studies 
showing impressive neuroprotection by modulation 
of mitochondrial proteins, e.g. by cyclosporine A 
[30, 41], knock-out of bid [25], overexpression of sod 
[9] and bcl-2 [18]. 

In summary, Bid promotes cell death in the brain 
following focal cerebral ischemia by triggering the 
release of pro-apoptotic proteins from mitochon- 
dria, e.g., cytochrome c and AIF. Downstream of 
mitochondria not only caspases but also caspase- 
independent mechanisms, e.g., AIF, are responsible 
for DNA damage and the final execution of the cell 
death program. This may explain why caspase in- 
hibitors are less neuroprotective than anticipated. 
Because Bid is strategically located upstream of mi- 
tochondria and triggers caspase-3 and AIF activation 
[5], and AIF represents a death pathway parallel to the 
downstream caspases 3, 6, and 7, Bid and AIF may 
represent attractive therapeutic targets for central ner- 
vous system diseases in which apoptotic cell death is 
prominent. 
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Summary 

Mechanisms controlling neuronal survival play an important role 
both during development and after birth, in particular when the 
nervous system is lesioned. Isolated embryonic motoneurons and 
other types of primary neurons have been a useful tool for studying 
basic mechanisms underlying neuronal cell death during develop- 
ment and under pathophysiological conditions after neurotrauma. 
These studies have led to the identification of neurotrophic factors 
which under physiological conditions regulate survival and func- 
tional properties, and after neurotrauma promote regeneration and 
plasticity. Functional analysis of these molecules, in particular by 
generation of gene knockout mice, has led to a more detailed under- 
standing of complex requirements of individual types of neurons for 
their survival and also paved the way for a better understanding of 
the signalling pathways in lesioned neurons which decide on cell 
death or survival after axotomy and other pathophysiological con- 
ditions. These findings could ultimately lead to a rational basis for 
therapeutic approaches aiming at improving neuronal survival and 
regeneration after neurotrauma. 

Keywords: Neuronal survival; neuronal death; neurotrophic fac- 
tors; gene knock-out mice. 



Developmental motoneuron cell death as a model for 
studying signalling pathways for neuronal survival 

Pioneer work by Viktor Hamburger and others 
during the first part of the 20th century have shown 
that the developmental cell death of motoneurons is 
guided by influences provided from their target tissue 
[45, 46]. Removal of limb buds in developing chick 
embryos massively enhances the extent of motoneuron 
cell death, and transplantation of an additional limb 
reduces the number of dying motoneurons. Thus, the 
individual organism can react to deviations from 
genetically determined developmental programs, and 
this kind of plasticity might have contributed to the 
generation of a highly complex nervous system in 
higher vertebrates during evolution. The model that 
skeletal muscle plays a major role in regulating moto- 



neuron survival during development has been recently 
challenged by the observation that mice deficient for 
erb-B3, the receptor for glial growth factor (GGF), 
show a severe deficit of developing Schwann cells, and 
then, as a consequence, a significant reduction (79%) 
in motoneurons [87]. Thus developing Schwann cells 
are at least as important for motoneurons as skele- 
tal muscle. However, these data could also indicate 
that motoneurons first become dependent on muscle- 
derived neurotrophic support and then, subsequently, 
on Schwann cell-derived factors. Indeed, when skeletal 
muscle is destroyed during embryonic development by 
a cre/loxP-mediated strategy [44], motoneuron sur- 
vival in the lumbar spinal cord is highly diminished, as 
expected from the early data obtained from experi- 
ments in chick when limb buds are removed [81]. In 
conclusion, it has to be assumed that neurotrophic 
factors from various sources play together in regulat- 
ing survival and functional integrity of motoneurons. 
This scenario appears even more complex with respect 
to early findings that motoneuron cell death in verte- 
brates can also occur in a target-independent manner. 
Rita Levi-Montalcini and others have shown [55, 77, 
82] that during early development of the chick embryo 
around day 4, massive cell death can be observed in 
a specific population of motoneurons in the ventral 
cervical spinal cord. This type of cell death is highly 
synchronized, in contrast to motoneuron cell death 
observed in this and other regions of the developing 
chick spinal cord between embryonic day 6 to 10, 
which roughly corresponds to embryonic day 14 to 
postnatal day 3 in the mouse or rat. A recent study 
[113] has shown that this type of early motoneuron cell 
death occurs in a target-independent manner and may 
be determined by a cell-autonomous program. Taken 
together, these data suggest that cell death programs in 
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motoneurons probably change during development, 
and at least some of the motoneurons pass through 
an early phase when cell-autonomous and/or target- 
independent processes regulate cell death and then 
undergo a phase when signals from skeletal muscle 
play a major role. Subsequently, signals from Schwann 
cells such as CNTF and other survival factors acting 
through signalling pathways involving Stat-3 contrib- 
ute to the maintenance of motoneurons, and arising 
evidence from experiments with various mouse mu- 
tants suggests that postnatal survival of motoneurons 
becomes increasingly dependent again on cell autono- 
mous processes such as sufficient expression of the 
“survival of motoneuron” (SMN) protein [50, 70] 
and protection from glutamate-mediated toxicity [90]. 
Further research has to show how these signals and 
the intracellular signaling pathways play together and 
how the motoneurons react to disturbances of indi- 
vidual signals. The availability of mouse mutants in 
which individual signals are disrupted either by classi- 
cal homologous recombination or in a cell type- 
specific or otherwise inducible manner by use of the 
Cre/loxP and other recombination techniques will help 
to understand such processes and thus could provide a 
basis for strategies aiming at improvement of moto- 
neuron survival after trauma. 

Neurotrophic factors for motoneurons 

Nerve growth factor (NGF) was the first neuro- 
trophic factor which has been discovered. Most 
models on how neurotrophic factors act are still based 
on findings with NGF. It is a prototypic target-derived 
neurotrophic molecule that, among other neuronal cell 
types, regulates survival of subpopulations of sensory 
paravertebral sympathetic neurons. In the meantime, 
more than a dozen additional neurotrophic factors 
have been identified and characterized on a molecular 
level. This list includes neurotrophins which are re- 
lated to NGF [9]. At least 3 neurotrophins, brain- 
derived neurotrophic factor, neurotrophin-3 and 
neurotrophin-4, but not NGF, support motoneuron 
survival [47, 49, 96]. 

Motoneurons are also supported by other families 
of neurotrophic molecules. Some of these molecules 
are only expressed postnatally, indicating that the re- 
quirement of motoneurons for these factors changes 
during development, and that postnatal survival is also 
controlled by neurotrophic factors. Moreover, it is 
very likely that these factors influence specific prop- 




Fig. 1. NGF antagonizes BDNF-mediated survival of mouse mo- 
toneurons in culture. Motoneurons were isolated from lumbar spinal 
cord of 14 day old mouse embryos [109]. Survival of motoneurons 
was determined by counting surviving motoneurons after 3 days in 
culture. Values shown are % of initially plated neurons in the culture 
dish. BDNF and NGF were added at concentrations indicated at 10 
or 100 pg/ml. The survival effect of BDNF is significantly reduced in 
the presence of NGF at equimolar concentrations, and completely 
abolished when NGF is given at doses 10 times higher than BDNF. 
Note that maximal concentration of NGF in this experiment was 
100 pg/ml, which is below the concentration thought to saturate 
low-affinity neurotrophin receptors. NGF could not reduce the sur- 
vival response initiated by GDNF, even when the concentration was 
increased to a level of 1000 pg/ml, thus suggesting that NGF acts 
as a specific antagonist, probably at the receptor level, rather than 
acting as an independent cell death effector on these cultured moto- 
neurons 



erties of motoneurons such as the regulation of trans- 
mitter synthesis and release, axon outgrowth and 
dendrite arborization as well as synaptic stability (re- 
viewed in [94]). It is therefore not surprising that indi- 
vidual factors have not been identified so far that serve 
prototypic functions, i.e. the control of survival during 
the period of physiological motoneuron cell death. 

The CNTF family supports motoneuron survival 
through activation of complex membrane receptors 
involving gpl30 and LIFR-p [73]. Factors which 



Signalling mechanisms for survival of lesioned motoneurons 



Table 1. Neurotrophic factors for motoneurons and their receptors 





Receptor on motoneurons 


1. Neurotrophins 

Brain-derived neurotrophic factor 


p75 NTR , trk-B 


(BDNF) 

Neurotrophin-3 (NT-3) 


p75 NTR , trk-C 


Neurotrophin-4/5 (NT-4/5) 


p75 NTR , trk-B 


2. CNTF/LIF family 

Ciliary neurotrophic factor (CNTF) 


CNTFRa, LIFRp, gpl30 


Leukemia inhibitory factor (LIF) 


LIFRp, gpl30 


Cardiotrophin-1 (CT-1) 


?, LIFRp, gpl30 


Cardiotrophin-1 like cytokine (CLC) 


CNTFRa?, LIFRP, gpl30 


3. Hepatocyte growth factor) Scatter factor 


(HGF/SF) 


c-met 


4. Insulin-like growth factors 
IGF-I 


IGFR-1 


IGF-II 


IGFR-1, 


Mannose-6P receptor 

5. Glial-derived neurotrophic factor and related factors 


Glial-derived neurotrophic factor 


GFRal, c-ret 


(GDNF) 
Neurturin (NTR) 


GFRa2, c-ret 


Persephin 


GFRa4, c-ret 


Artemin 


GFRa3, c-ret 



bind to such complexes are ciliary neurotrophic factor 
[4], leukemia-inhibitory factor [49], cardiotrophin-1 
(Pennica et al. 1995) and the recently identified 
cardiotrophin-like cytokine (CLC) [84, 93, 97] which 
also can bind to the CNTF receptor complex [32]. 

Motoneuron survival in culture is also supported 
by members of the glial-derived neurotrophic factor 
(GDNF) gene family of transforming growth factor- 
P-related survival factors [48, 118]. Factors which 
support motoneuron survival include GDNF [48], 
neurturin [52], persephin [66], and artemin [6]. These 
molecules act through receptors involving the c-ret ty- 
rosine kinase, and specific a-receptors [5]. 

HGF is a heterodimeric protein which supports 
motoneuron survival [30, 74, 114]. Interestingly, only 
lumbar motoneurons from 5 day old chick embryos 
survive with HGF, but not motoneurons from thoracic 
or cervical spinal cord [76]. The c-met tyrosine kinase 
is expressed in lumbar but not in thoracic motoneu- 
rons between embryonic day 5 and 10 during the pe- 
riod of physiological motoneuron cell death in chick. 
However, the expression of c-met in lumbar moto- 
neurons seems to be regulated by other target tissue- 
derived factors than HGF. This conclusion is based on 
the observation that the massive cell death of moto- 
neurons which occurs in the lumbar spinal cord after 
limb bud removal cannot be reduced by treatment with 
HGF, probably because the c-met receptor is down- 
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regulated by limb-bud removal and signals which lead 
to expression of this receptor are thus removed. Thus, 
HGF is an example of a neurotrophic factor which in- 
fluences survival only of subpopulations of motoneu- 
rons, and needs cooperation with other signals in order 
to exert its survival-promoting effect under physiolog- 
ical conditions. The list of molecules that support 
motoneuron survival is still growing, and it can be 
expected to become even longer during the next few 
years. 

Motoneurons are also supported by insulin-like 
growth factor- 1 (IGF-1) and IGF-2 [4]. In cultures 
of isolated embryonic chick spinal motoneurons, the 
survival-promoting effects of IGFs are relatively low, 
in contrast to cultures of embryonic rat motoneurons 
which can be maintained in serum-free medium [49]. 
However, when IGFs are combined with other neuro- 
trophic factors such as CNTF, this leads to supra- 
additive survival effects [4]. This was one of the first 
demonstrations that neurotrophic factors potentiate 
each other in supporting motoneuron survival, sug- 
gesting that survival of motoneurons in vivo depends 
on a complex cooperation of more than one factor. 

Similarly, when BDNF was administered for pro- 
longed periods to lesioned facial motoneurons via a 
gene therapy approach, it supported survival but could 
not prevent atrophy of the neuronal cell bodies [41]. 
Only when BDNF and CNTF were added together, 
a significant anti-atrophic effect was observed. Thus 
motoneurons may depend on more than one neuro- 
trophic factor, and development, survival and proper 
function of these cells could be modulated by such 
factors in a way where they have to play together in a 
well-balanced manner. 

This observation is important for the design of ther- 
apeutic strategies with neurotrophic factors. It predicts 
that the administration of a single factor will not meet 
the physiological requirements of motoneurons, espe- 
cially in a situation where these cells are deprived from 
their target over prolonged periods and should be 
stimulated to regrow their axons over long distances. 

Signaling pathways for neurotrophic factor mediated 
motoneuron survival 

The neurotrophins have served as a prototypic gene 
family to define the signaling pathways which regulate 
survival and other effects in primary neurons [92]. A 
significant contribution to this research was provided 
by investigations employing the rat PC 12 pheochro- 
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mocytoma cell line. Signaling through neurotrophin 
receptors which include members of the trk gene fam- 
ily, involves several pathways. Initiation depends on 
the cytosolic adaptor protein She, the activation 
of PLC-y and the PI-3-kinase/AKT-pathways directly 
at the level of the trk transmembrane tyrosine kinases. 

The She adapter proteins have been focus of re- 
search, as they can couple trk-signaling to the Ras/ 
MAP-kinase pathway, which is involved in promoting 
neuronal survival and neurite outgrowth. Experiments 
with PC- 12 cells [8] and with primary sympathetic 
neurons [11] have shown that activated Ras can sup- 
port differentiation and survival of neuronal cells. At 
least in PC- 12 cells, sustained activation of the MAPK 
pathway [1, 102, 111] can promote differentiation ver- 
sus mitogenic effects of NGF in comparison to epi- 
dermal growth factor (EGF). It has been suggested 
that sustained activation of the MAPK pathway is also 
responsible for the neurotrophin-mediated survival ef- 
fect in neuronal cell lines and primary neurons. Re- 
cently, a second Ras-independent pathway for activa- 
tion of the MAPK pathway has been shown to be 
involved in NGF-mediated differentiation [117]. This 
brings activation mechanisms upstream from Ras and 
other GTPases into focus which transduce the signal 
from receptor molecules to the MAPK and other 
pathways. 

In neurons several forms of She exist, named ShcA, 
ShcB, and ShcC/N-shc [16]. Expression of these iso- 
forms is strictly controlled during development. Only 
little is known so far whether differences in their ex- 
pression influence signal transduction downstream of 
trk receptors, e.g. by determining targets involved in 
mediating cellular effects of neurotrophic factors in- 
cluding the survival of specific neuronal cell types at 
specific developmental stages. The ratio of ShcA and 
ShcC/N-Shc expression deserves particular attention. 
ShcC/N-Shc has been detected as a neuron-specific 
She isoform [72], which mediates the coupling of trk 
signaling to Ras activation. Whereas ShcA is ex- 
pressed ubiquitously, ShcC expression is only found in 
the nervous system. Interestingly, the upregulation of 
ShcC corresponds to a downregulation of ShcA ex- 
pression in the brain at a developmental stage when 
neuronal cells become postmitotic [18]. Intriguingly at 
least some populations of neurons including moto- 
neurons become dependent on neurotrophic factors 
for their survival at the same time. It is tempting to 
speculate that this switch from ShcA to ShcC expres- 
sion might be responsible for converting the neuro- 



trophic factor-mediated signal from differentiation to 
survival [92]. The She binding site in trk-B has been 
mutated in mice [68], indicating that differences be- 
tween various neurotrophic factors exist in the utili- 
zation of this pathway for mediating survival and 
neurite outgrowth effects. Under these conditions, NT- 
4-mediated survival effects were more dramatically 
reduced than BDNF-dependent differentiation or sur- 
vival. Complete loss of the NT-4-dependent D-hair 
sensory cells but no change in BDNF-dependent 
slowly adapting mechanotransducing sensory neurons 
was observed. Motoneuron survival has not been in- 
vestigated in these mice so far, and it remains to be 
demonstrated whether motoneuron function, survival 
and regeneration is are altered when the She binding 
site is mutated in the trkB receptor. 

Besides the Ras/MAPK pathway, a second pathway 
involving activation of PI-3K seems to be highly im- 
portant for neuronal survival [29]. Direct association 
of PI-3K with trk receptors has been found under spe- 
cific experimental conditions [79]. However, it is now 
widely accepted that She signaling plays a major role 
in activation of PI-3K downstream of trks in neu- 
ronal cells [10, 19, 42]. The PI-3-kinase in turn leads 
to activation of Akt, a serine/threonine kinase with 
a broad spectrum of substrates including the proa- 
poptotic Bad [19], caspase-9 [14], the forkhead tran- 
scription factor FKHRL1 [13] and IKKa kinase, 
leading to activation of the NFkB pathway [83, 89]. It 
remains to be seen which of these downstream path- 
ways is responsible for neuronal survival, in particular 
under pathophysiological conditions when axons are 
lesioned. 

A third important pathway, in particular for moto- 
neuron survival is the activation of PLCyl [78, 92, 
101]. This pathway leads to increased release of free 
Ca 2+ from intracellular stores, which in turn can acti- 
vate cyclic AMP response-element-binding protein 
(CREB) [36]. In addition, elevated intracellular Ca 2+ 
levels also activate the small GTP-binding protein 
Rapl but not Ras [43]. This leads to activation of B- 
Raf but not to activation of Raf-1. In developing mo- 
toneurons, B-Raf is expressed at relatively high levels 
during the period of physiological cell death [110]. 
Thus a link between various pathways exists, and in- 
creased levels of Ca 2+ could contribute to activation 
of Rafs, which seem to play a central role both in acti- 
vation of the MAPK pathway and also as effector 
kinases for bcl-2 which phosphorylate BAD and thus 
inhibit its proapoptotic activity [106, 107]. 
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Dysregulation of these mechanisms might also con- 
tribute to the pathophysiology of motoneuron atrophy 
after nerve lesion. Future studies have to show for 
example which members of the She family are ex- 
pressed in motoneurons after lesion, whether expres- 
sion changes during prolonged time periods without 
contact to target tissues, and how these mechanisms 
then influence axon regrowth. Together with the elu- 
cidation of signals from glial cells and extracellular 
matrix which stimulate axon growth, these data could 
provide a basis for development of rational therapy 
for regeneration of motor axons to denervated skeletal 
muscle. 

cAMP and motoneuron survival 

Elevation of cyclic AMP (cAMP) can provide a 
survival signal for motoneurons even in the absence of 
neurotrophic factors [63]. This could be of high physi- 
ological relevance, as many neurotransmitters act via 
G-protein coupled receptors, and thus change cAMP 
levels in motoneurons. In the absence of neurotrophic 
factors, cAMP only promotes short-term survival of 
spinal motoneurons in culture when merosin is used as 
a substrate. However, under these specific conditions, 
the combination of elevation of intracellular cAMP 
and neurotrophic factors leads to prolonged survival 
of motoneurons over periods exceeding 3 weeks. Simi- 
larly, elevation of cAMP levels has also been shown to 
increase survival of superior cervical ganglion neuron 
and cerebellar granule cells. These cAMP-mediated 
survival effects seem to be independent from PI- 
3K-activation, since inhibitors such as Wortmannin 
could not abolish the pro-survival effects of cAMP. A 
first indication how these survival pathways could be 
linked was given by the demonstration that cAMP 
elevation can increase the recruitment of the trk-B- 
receptor to the plasma membrane in retinal ganglion 
cells (Meyer-Franke et al. 1998). This mechanism 
could be highly relevant for the development of 
therapeutic strategies implying neurotrophic factors. 
Studies with primary neurons in cell culture have 
shown that BDNF exposure leads to a rapid down- 
regulation of the cell membrane exposure of trk-B [15], 
and therapeutic administration of BDNF at high con- 
centrations to axotomized motoneurons after facial 
nerve transection only leads to transient rescue effects 
[104], even when BDNF is administered chronically 
with osmotic pumps or repeatedly by systemic in- 
jections. Thus inhibition of transfer of trk-B from in- 



tracellular to cell membrane compartments could play 
a role in the downregulation of trk-B survival signals 
under such conditions. 

The effect of elevated cAMP on motoneuron sur- 
vival is strongest when the motoneurons are cultured 
on merosin [63], a synapse-specific isoform of laminin. 
When motoneurons from 15 day old rat or 14 day old 
mouse embryos are cultured on a laminin substrate (S. 
Wiese and M. Sendtner, unpublished observations), 
the survival effect of elevated cAMP is much weaker. 
Thus, an important question for further research is 
whether merosin and laminin differentially influence 
the rise of free Ca 2+ after cAMP stimulation. This may 
also be of importance for the elucidation of other spe- 
cific effects of neurotrophic factors beyond support 
of survival, such as axon outgrowth, synaptic stability 
and fine tuning of synapse activity. 

Recently, we could show that B-Raf but not C-Raf 
is involved in mediating survival responses of neuro- 
trophic factors in motoneurons [110]. These serine/ 
threonine kinases associate with ras and play a crucial 
role in the downstream propagation of the neuro- 
trophic signals to the MAPK and the PI3-K/Akt 
pathways [111]. C-Raf activity is inhibited by cAMP 
elevation in various types of cells including neurons. 
In contrast B-Raf is activated by cAMP and thus sig- 
nals from neurotransmitter receptors and neurotrophic 
factor receptors might come together at the level of this 
specific kinase [33]. 

These data also suggest that neurotrophic factors 
should not be considered as the only players which 
regulate motoneuron cell death under physiological 
conditions. Indeed, motoneuron survival in culture in 
the presence of neurotrophic factors strongly depends 
on the presence of components of the extracellular 
matrix. Laminin was one of the first molecules which 
was found to potentiate the survival effect of neuro- 
trophic factors [31]. When motoneurons from 6 day 
old chick embryos are isolated and cultured in the 
presence of laminin, about 55% of these isolated mo- 
toneurons can be maintained for periods longer than 1 
week [4] with CNTF. However, this survival effect 
significantly drops when the concentration of laminin 
used to coat the culture dishes is reduced from 10 to 
1 pgml -1 (Table 2). In the absence of laminin, the 
survival effect of CNTF even drops to 3.7% which 
is not statistically different from control when moto- 
neurons are cultured in the absence of neurotrophic 
factors (2.4% survival). These data indicate that in- 
tegrin signaling cooperates with neurotrophic factors 
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Table 2. Influence of laminin on CNTF-mediated survival of isolated 
embryonic chick motoneurons 



Neurotrophic 

factor 


Amount of laminin 
used for culture 
dish coating (pg) 


Survival of motoneurons 
after 3 days in culture (% 
of originally plated cells) 


CNTF 


10 


55.4 


FGF-2 


10 


44.4 


CNTF+FGF-2 


10 


95.8 


None 


10 


2.4 


CNTF 


1 


22.5 


FGF-2 


1 


22.4 


CNTF+FGF-2 


1 


53.3 


None 


1 


0.0 


CNTF 


- 


3.7 


FGF-2 


- 


8.9 


CNTF+FGF-2 


- 


12.5 


None 


- 


0.0 



Reproduced with permission from [95]. 



in mediating motoneuron survival, and it will be in- 
teresting to see whether integrin signaling influences 
cAMP levels in motoneurons and thus plays together 
with neurotrophic factors in regulating specific func- 
tions in motoneurons. 

The role of neuronal activity and glutamate for 
motoneuron survival 

In many types of neurons, removal of afferent input 
leads to increased cell death in vivo [80]. This corre- 
sponds to observations that neurons can be maintained 
in cell culture under conditions which mimic depolar- 
ization such as elevated potassium concentration [105] 
or even addition of glutamate receptor agonists at 
optimal concentrations [64]. However, various pop- 
ulations of neurons differ in their capacity to survive in 
culture in the presence of increased levels of potassium 
or glutamate. Whereas 35 mM K+ in the culture me- 
dium can support survival of sympathetic neurons de- 
rived from 10 day old chick embryos [105], motoneu- 
rons from 5 or 6 day old chick embryos cannot survive 
for periods longer than 3 days under the same culture 
conditions. In this respect, motoneurons show similar 
behavior as retinal ganglion cells, which also do not 
survive when the potassium concentration in the cul- 
ture medium is elevated [64]. Contrarily, survival with 
the neurotrophic factor BDNF was strongly enhanced 
in isolated retinal ganglion cells when the cells were 
depolarized or even when NMDA or kainic acid were 
added to these cultures. The effect could be mediated 



by elevation of cAMP, as inhibitors of protein kinase 
A could prevent the potentiation of the BDNF sur- 
vival effect by increased potassium or glutamate ago- 
nists in the culture medium. These data also suggest 
that intracellular Ca 2+ elevation is responsible for this 
effect. 

Glutamate toxicity is considered as a major patho- 
mechanism after neurotrauma. Embryonic motoneur- 
ons express NMDA receptors [51] and AMPA re- 
ceptors including subtypes of AMPA receptors which 
mediate Ca 2+ influx in response to glutamate [60]. 
When these motoneurons are exposed to elevated 
concentrations of glutamate or NMDA in vitro, mo- 
toneuron cell death is not enhanced [61]. This seems 
surprising with respect to the observation that massive 
cell death occurs under the same conditions in cultures 
of cortical neurons (M.S., unpublished observations). 
Even when the motoneurons are depolarized in order 
to remove the Mg 2+ -block of NMDA receptors, this 
does not influence motoneuron survival in cell culture, 
suggesting that isolated embryonic motoneurons are 
quite resistant to glutamate toxicity. On the other side, 
NMDA or glutamate exposure does not potentiate the 
survival effect of BDNF or other neurotrophic factors, 
as observed with isolated retinal ganglion cells [64]. 
Despite this negative effect, motoneurons show specific 
responses to enhanced glutamate in the culture me- 
dium. Glutamate treatment leads to specific inhibition 
of dendrite growth in a fully reversible manner. Axon 
outgrowth was not affected under the same culture 
conditions, suggesting that glutamate could play an 
important role in plasticity of dendrite growth and 
synapse formation between motoneurons and other 
types of neurons within the spinal cord. 

Intracellular signals for neuronal survival: the role of 
members of the IAP family 

Not very much is known about the downstream 
signals involved in execution of motoneuron cell death 
cell and neurotrophic factor-mediated survival. Re- 
search on the role bcl-2 has guided the way to our 
present knowledge. Overexpression of bcl-2 signifi- 
cantly reduces motoneuron cell death during develop- 
ment [28, 58]. However, mice in which bcl-2 expression 
is abolished by homologous recombination show only 
a small reduction of motoneuron numbers at birth 
[65], indicating either that bcl-2-related molecules can 
substitute for this deficiency or that bcl-2 and related 
molecules are not physiologically necessary for moto- 
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neuron survival during development. Interestingly, 
motoneuron cell death in bcl-2 -/- mice is enhanced 
only during the postnatal period, leading to loss of 
around 40% of facial motoneurons in 6 week old mice. 
This suggests that bcl-2 becomes important for post- 
natal survival at least of subpopulations of motoneu- 
rons. However, bcl-2 deficient motoneurons do not lose 
their responsiveness to neurotrophic factors. BDNF 
and CNTF are still capable of rescuing motoneurons 
from lesion-induced cell death after facial nerve tran- 
section in newborn animals. Nevertheless, survival in 
response to these neurotrophic factors was lower in 
bcl-2 deficient mice indicating that subpopulations de- 
pend on bcl-2 for survival after nerve lesion, and/or 
that compensation by other antiapoptotic members of 
the bcl-2 family is only incomplete. 

Neurons from B AX-deficient mice [22, 53] are resis- 
tant against cell death after neurotrophic factor dep- 
rivation. This observation provides a second indica- 
tion that members of the bcl-2 family are involved, 
and that mitochondria play a role in motoneuron 
cell death. Recently, it has been shown that BAX- 
dependent release of cytochrome c from mitochondria 
plays an essential role in the initiation of cell death 
in NGF-deprived sympathetic neurons [23]. However, 
microinjection of cytochrome c into the cytoplasm 
could not initiate cell death when the primary sympa- 
thetic neurons were grown in the presence of NGF. 
Based on these observations, it was speculated that 
NGF leads to a rapid production of an intracellular 
protein, which protects cells from proapoptotic actions 
of cytochrome c [75]. Furthermore, it was concluded 
that such protective molecules are expressed at low 
basal levels and upregulated within short time after 
NGF exposure. 

Members of the IAP/ITA family are candidates for 
such protective proteins. They inhibit the activation 
of procaspase-9 [24], which is initiated by cytochrome 
c and Apaf-1 [98, 99]. Furthermore, they inhibit the 
function of activated caspase-3, -6 and -7, and thus 
at least at two levels interfere with cellular programs 
for apoptosis [25, 91]. The identification and cloning 
of the chick ita gene [26], which encodes a protein of 
61 1 amino acids with highest homology to the human 
cIAP-2 gene (also called HIAP-1 or MIHC), allowed 
us to investigate the involvement of this protein in 
NGF-mediated survival of developing chick sympa- 
thetic and sensory neurons. We could show that NGF 
rapidly induced ITA expression in cultured sympa- 
thetic and sensory neurons (Fig. 2). This upregulation 



of ITA mRNA and protein levels involves the PI-3K 
pathway. Overexpression of ITA in primary sensory 
and sympathetic neurons can promote neuronal sur- 
vival in the absence of NGF, and antisense expression 
of ITA can abolish the NGF survival effect in sensory 
and sympathetic neurons. These actions are appar- 
ently mediated through the baculovirus IAP repeat 
(BIR domains) of the ITA protein, as expression of a 
BIR-deleted form of ITA was without any effect on 
neuronal survival. 

These data suggest that members of the IAP family 
which include the mammalian IAP-2 and XIAP are 
important molecules involved in the signaling ma- 
chinery for neurotrophic factor-mediated survival of 
sympathetic and sensory neurons. The expression of 
inhibitors for caspases could be an essential mecha- 
nism which contributes to motoneuron survival once 
these caspases are activated (Fig. 3), and they proba- 
bly could be of high importance in protecting moto- 
neurons against any kind of proapoptotic signaling 
which might occur during postnatal life and which has 
to be neutralized for further maintenance of these cells. 

A role for cell death signalling in axotomized 
motoneurons? 

Cell autonomous mechanisms play an important 
role in deciding on survival or cell death during devel- 
opment of lower organisms such as C. elegans. The 
ces-2 gene which triggers programmed cell death [62] is 
expressed specifically in two distinct pharyngeal mo- 
toneurons in the worm and initiates death in these 
specific cells. Such cell-autonomous cell death genes 
have not been identified so far in motoneurons from 
higher vertebrates. Nethertheless, active cell death 
mechanisms play a role during an early phase of de- 
velopment when motoneuron cell death apparently 
occurs in a target-independent manner. The cell death 
receptor Fas and the corresponding Fas ligand are ex- 
pressed in early motoneurons, and Fas has been found 
to transmit a cell death signal in cultured motoneurons 
from 12.5 day old mouse embryos [86]. Fas and Fas- 
ligand are expressed early during development in 
motoneurons, and it has been suggested that the coex- 
pression of these two molecules in principle allows cell- 
autonomous cell death programs. When embryonic 
motoneurons were cultured for 3 days with neuro- 
trophic factors, they became resistant to Fas-induced 
cell death, either by interference with downstream- 
effectors such as the activated caspase-8 and caspase-3, 
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Fig. 2. NGF and CNTF promote upregulation of the avian inhibi- 
tor of T-cell apoptosis ( IT A) protein, a homologue of mammalian 
IAPs in cultured sensory and sympathetic neurons. IAPs are potent 
inhibitors of caspases, and thus could participate in the survival re- 
sponse of neurons to neurotrophic factors. See [108] for details. Re- 
produced with permission from this publication, sensory neu- 
rons; sympathetic neurons 



or by allowing motoneurons to mature to a stage when 
they are resistant to cell-autonomous cell death pro- 
grams, or by both mechanisms. Thus, Fas and Fas- 
ligand could promote motoneuron cell death when 
these cells do not yet depend on or even cannot react to 
neurotrophic factors, and further studies for example 
involving Bid-deficient mice which are resistant to Fas- 
induced cell death could be of great help to understand 
the physiological role of Fas-mediated cell death for 
motoneurons. 

The p75 neurotrophin receptor (p75 NTR ) shares 
structural and functional similarities with other trans- 
membrane molecules of the Fas/Apo-l/CD95 and tu- 
mor necrosis factor receptor -1 family (see [71] for 
review). This receptor is expressed at high levels in de- 
veloping motoneurons, then disappears, but is highly 
reexpressed after nerve lesion. In a variety of cellular 
contexts in vitro and in vivo, p75 NTR mediates cell 
death after binding of NGF, in particular when trk 
receptors are not expressed [17, 40]. Injection of neu- 
tralizing antibodies into the eye of early chick embryos 
has shown that NGF and p75 NTR are involved in me- 
diating early cell death of retinal ganglion cells which 
have just been formed and are starting to grow axons 
[37, 39]. In this respect, NGF and p75 NTR are involved 



in an early phase of cell death which is not regulated 
by the target-tissue. In this specific case, the source of 
NGF were microglial cells which had invaded the ret- 
ina during these early developmental stages [39]. 

The role of p75 NTR as a mediator of cell death has 
also been shown in basal forebrain cholinergic neurons 
[116]. Overexpression of the cytoplasmic part of the 
p75 NTR in mice [57] leads to significant losses of sev- 
eral populations of neurons including motoneurons 
in the facial nucleus. Thus, it appears intriguing that 
p75 NTR could have similar functions in motoneurons, 
in particular when this receptor is expressed at high 
levels after axotomy. Indeed, when the expression of 
this receptor was abolished in adult p75 NTR -/- mice, 
survival and regeneration of axotomized motoneurons 
was improved in comparison to control animals [35], 
and overexpression of the cytoplasmic part of p75 NTR 
enhanced lesion-induced cell death of facial moto- 
neurons in adult mice [57]. Moreover, application of 
NGF to axotomized sciatic [69] or facial [96] moto- 
neurons significantly increased the rate of cell death in 
rats or mice [109]. These results are compatible with 
the assumption that p75 NTR is a cell death receptor 
in developing motoneurons. On the other side and in 
contrast to other neuronal populations [7, 103, 115], 
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Fig. 3. Signaling pathways for neurotrophic factor mediated survival of motoneurons. Recent studies [23] have shown that injection of cyto- 
chrome-C into the cytoplasm of cultured neurons can induce apoptosis only when nerve growth factor is absent or added after the injection of 
cytochrome-C. This has lead to the conclusion that nerve growth factor and other neurotrophic factors lead to upregulation of an activity which 
directly interferes with the activation of apoptosome activity and downstream caspases. In the absence of neurotrophic factors, cytochrome-C is 
released from mitochondria by a process in which Bax is involved. This leads to the formation of apoptosomes by a process also requiring Apaf- 
1 and ATP. By this means, procaspase-9 is cleaved and activated. Caspase-9 in turn can cleave procaspase-3, -6 and/or -7, which then activate 
downstream substrates, among them ICAD (inhibitor of caspase-activated Dnase (CAD)) and finally leads to apoptosis of the neuron. 
Members of the IAP-family (inhibitor of apoptosis protein) can block activated caspases and inhibit these regulatory steps in the execution of 
apoptosis. In cultured sensory and sympathetic neurons, NGF and CNTF upregulate ITA expression at least 20 fold. This upregulation takes 
place within less than 6 hours. Thus, ITA and mammalian homologues of this protein could be essential mediators in the downstream signaling 
machinery for neurotrophic factor-mediated survival of primary neurons 



the number of motoneurons in 6-9 week old p75 NTR 
— /— mice is reduced in comparison to wild-type mice, 
as revealed by quantification of facial motoneurons 
and axon profiles in brain stem and peripheral nerves 
[35, 109], However, in the case of basal forebrain 
cholinergic neurons, contradictory results have been 
obtained in the meantime so that at least one of the 
originally published reports apparently is not repro- 
ducible, and the findings thus do not support a proa- 



poptotic function through the p75 neurotrophin re- 
ceptor in postnatal basal forebrain cholinergic neurons 
[103]. 

Motoneurons do not only express high levels of 
p75 NTR after axotomy, but also under physiological 
conditions during early development. Expression of 
this receptor molecule apparently occurs before the 
motoneurons have gained contact with skeletal muscle 
and before these motoneurons become responsive at 
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least to BDNF for their survival. In order to test the 
possibility that NGF and p75 NTR are mediators of the 
early phase of motoneuron cell death in brachial spinal 
cord, Frade and Barde have investigated cell death in 
the spinal cord of p75 NTR -/- and NGF — /— mice 
between E10.5-12.5, before the period of classical 
target-dependent cell death starts [38]. In such animals, 
an increase in the thickness of the mantel zone was 
observed. However, the number of ISLET- 1 positive 
motoneurons was not increased in the ventral portion 
of the spinal cord of these mutant mice. 

In order to test the role of p75 NTR and the actions of 
NGF on developing motoneurons during the classical 
period of target-dependent motoneuron cell death in 
more detail, we have developed techniques for isola- 
tion of motoneurons from lumbar spinal cord of 14 
day old wildtype and p75 NTR -/- mice [109]. NGF 
did not support long-term survival of isolated mouse 
motoneurons. In contrary, it reduced the survival ef- 
fects of BDNF and NT-3 in wildtype but not p75 NTR 
— /— motoneurons. On a first aspect, these data favor 
the model of p75 NTR as a cell death receptor on mo- 
toneurons. However, the quantities of NGF which in- 
terfered with the survival responses of BDNF and NT- 
3 were very low (7 x 10 -13 M) (Fig. 1). They did not 
reach the levels necessary for saturating those low- 
affinity binding sites on primary neurons which are 
thought to correspond to p75 NTR receptors [59, 88]. 
Recently, it has been described that p75 NTR can be 
expressed in neuronal cells in a conformation con- 
ferring high-affinity binding of NT-3 [21]. However, 
under the same experimental conditions NGF did 
not bind to p75 NTR when added at 10 -12 M. 

Observations that very low quantities of NGF in- 
terfere with BDNF and NT-3 effects in neurons could 
be explained by a model in which the p75 NTR is part 
of the high-affinity receptor for BDNF and probably 
also NT-3. Previous observations that NGF enhances 
motoneuron survival at later developmental stages in 
chick [85] when p75 NTR expression is low [34] suggest 
that the presence of p75 NTR could enhance the specif- 
icity of BDNF and NT-3. Determination of moto- 
neuron cell numbers in newborn NGF -/- mice or 1 
week old NGF +/— mice after facial nerve lesion at 
birth could help to further define whether endogenous 
NGF interferes at neurotrophin receptors in develop- 
ing and/or postnatal lesioned motoneurons. Such ex- 
periments are underway in several labs. 

Reduction of NT-3- and BDNF-mediated survival 
by NGF is not seen in p75 NTR -/- motoneurons. This 



observation also suggests that p75 NTR receptors are 
components of the high-affinity binding sites for NT- 
3 and BDNF on E14 lumbar motoneurons and do 
not constitute separate NGF receptors. We have also 
observed that the BDNF dose necessary for half- 
maximal survival is shifted from 1.2 x 10~ 12 M in 
wildtype motoneurons to 5.4 x 10 -12 M in p75 NTR 
-/- motoneurons. This supports previous data that 
trk homodimers are not equivalent to high-affinity 
neurotrophin receptors in primary neurons [56, 112]. 
Our data suggest that p75 NTR is part of the high- 
affinity receptor complex for BDNF and possibly also 
NT-3 on motoneurons. Thus p75 NTR is expected to 
interact physically with trk-B and trk-C on the cell 
surface of motoneurons, and only part if any of the 
p75 NTR transmembrane molecule receptors should 
exist separately and function independently as cell 
death receptors on these cells. In the latter case, one 
would expect that NGF signaling through p75 NTR 
should also reduce the survival response mediated 
through CNTF or GDNF receptors. However, even 
high quantities of NGF (20 ng/ml) known to saturate 
low-affinity receptors on neuronal cells [88] did not 
reduce CNTF- and GDNF-mediated survival of mo- 
toneurons. This was surprising insofar, as the CNTF- 
mediated survival response of embryonic chick mes- 
encephalic trigeminal neurons was reduced by NGF 
[20]. We can exclude the possibility that CNTF and 
GDNF downregulate p75 NTR expression in moto- 
neurons, as motoneurons treated either with CNTF, 
GDNF, or BDNF showed similar intensities of 
p75 NTR immunostaining after 5 days in culture. Thus, 
we conclude that the role of p75 NTR in neuronal cells 
differs depending on cell type and developmental 
stage. Whether such differences are caused by the 
presence or absence of downstream-effectors of trk and 
p75 NTR signaling, or simply by the fact that apoptosis 
through p75 NTR requires higher expression levels than 
those found in motoneurons from E14 mouse spinal 
cord, remains to be seen. 

Conclusion: implications for therapeutic approaches to 
improve neuroregeneration after motor nerve lesion 

Most clinical trials with neurotrophic factors in 
neurological disorders like amyotrophic lateral sce- 
rosis or diabetic neuropathy have failed so far [2, 3, 12, 
54, 67, 100]. Side effects which became detectable in 
particular after systemic treatment appeared intolera- 
ble and/or the clinical improvements were lower than 
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expected [27]. This disappointment has reduced en- 
thusiasm in further clinical tests significantly, and 
careful retrospective evaluation of possible reasons 
may help to learn how future trials could be designed 
for more success. Although this analysis is not yet 
completed, it becomes clear that the problems have to 
be sought on several levels. Systemic application leads 
to side effects, in particular in nonneuronal tissues such 
as liver where receptor for LIF are expressed, and ex- 
pression at sites close to the cell bodies could lead to 
reduced fiber outgrowth to the denervated target tissue 
by attracting growth cones to the delivery site for but 
not the initial routes of axonal projection. Thus the 
mode of application appears highly critical, so that 
new techniques for delivery have to be developed. 
Increasing evidence suggests that the distribution of 
receptors in various compartments of the neuronal 
cell membrane influences downstream signalling path- 
ways. For example, activation of src and related mol- 
ecules by receptors for the GDNF family preferentially 
occurs in lipid-enriched membrane departments. This 
might have implications on the cellular effects of such 
factors when applied at sites either close to the cell 
body or the growth cone of the regenerating axon. 
Moreover, one neurotrophic factor might not provide 
all signals which are necessary for survival and neurite 
regrowth. As discussed above, CNTF and BDNF in 
combination show supraadditive effects on inhibition 
of motoneuron atrophy after prolonged periods of pe- 
ripheral nerve lesion. Other problems which need to be 
resolved in more detail are differential requirements 
for signalling pathways in developing and adult neu- 
rons. Pathways which are responsible for survival of 
embryonic motoneurons could take over other func- 
tions after birth. Pathways such as activation of Stat-3 
which are important for neural differentiation could 
become increasingly involved in protecting neurons 
from lesion-induced cell death in the adult. 

Another strategy to develop new treatment for le- 
sioned motoneurons is the search for small molecules 
which stimulate specific cellular pathways which pro- 
mote survival and axon growth. However, such ap- 
proaches depend on the definition of specific molecular 
screening targets. For example, general stimulation of 
tyrosine kinase signalling is expected to result in un- 
controlled growth of many cell types in which tyrosine 
kinase receptors transduce mitogenic signals. Thus, the 
search for master regulators in the signalling cascades 
which promote a survival signal rather than a mitotic 
signal is of eminent importance. Findings that neuro- 



31 

trophic factors specifically upregulate members of the 
IAP gene family of caspase-inhibitory molecules or 
that B-Raf but not C-Raf is required for neuronal sur- 
vival could provide first ideas on targets for screen- 
ing of such molecules with specific survival promoting 
activity. Together with the search for signals which 
specifically stimulate axon growth, these strategies 
could ultimately result in better tools to influence re- 
generation after severe nerve trauma. 
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Introduction 

Brain damage induced by focal interruption of 
blood flow can be differentiated in two pathophysio- 
logically different categories: a hemodynamic type of 
injury, resulting in primary necrotic brain damage, and 
a molecular type of injury which leads to delayed or 
secondary brain injury [15]. Primary necrotic brain in- 
jury occurs when blood flow declines - and remains - 
below the threshold of energy failure. In anaesthetized 
laboratory animals, this threshold gradually increases 
from about 15% of control shortly after the onset of 
ischemia to about 30% after several hours of vascular 
occlusion [35]. 

Delayed or secondary brain damage occurs in re- 
gions called “at risk” which are not intact but which 
have not yet suffered tissue necrosis. In permanent 
focal ischemia this type of injury evolves in the peri- 
infarct penumbra which, by definition, is the periph- 
eral part of the ischemic territory in which functional 
activity but not energy metabolism are suppressed [31]. 
After transient focal ischemia, the area “at risk” is the 
part of the ischemic territory in which energy metabo- 
lism has failed during ischemia but recovers after re- 
versal of the vascular occlusion [32]. With increasing 
duration of ischemia this region shifts from the central 
to the peripheral parts of the ischemic territory until - 
under conditions of irreversible energy failure - it be- 
comes congruent with the penumbra of permanent 
vascular occlusion [32]. 

A biochemical hallmark of tissue “at risk” for de- 
layed ischemic injury is the dissociation between 
maintained (or restored) energy metabolism and sup- 
pressed protein synthesis [35]. Another predictor of 
delayed cell death is the upregulation of hsp70 mRNA 
which has been interpreted as evidence for the cyto- 



solic stress response [68]. However, this response is 
only a marker and not a mediator of injury because 
translation of HSP70 protein, as induced by sublethal 
pre-ischemic conditioning, conveys neuroprotection to 
a subsequent more severe ischemic impact. 

Obviously, precise understanding of the mecha- 
nisms of delayed ischemic brain injury is of consider- 
able interest for the identification of molecular targets 
for therapeutic interventions. In the past, research into 
this field has been mainly accomplished by pharmaco- 
logical approaches but the difficulties encountered in 
translating the experimental observations into clini- 
cally successful treatment protocols have raised con- 
cerns about the relevance of these interventions [25]. 
More recently, the availability of genetically modified 
laboratory animals has provided the opportunity to 
dissect molecular injury pathways in a much more 
specific way [6]. A rapidly increasing number of labo- 
ratories have embarked on this new methodology, 
and important data have been generated which have 
helped to clarify complex molecular interactions. 
However, some of these data are controversial, and the 
expected identification of a unique injury pathway has 
not yet succeeded. 

Methodological considerations 

Gene manipulations are most frequently carried out 
in mice, either by microinjection of DNA into pronu- 
clei of fertilized oocytes [23] or by introducing foreign 
genes into embryonic stem cells [74]. The stem cells are 
microinjected into blastocytes to produce chimeras 
which are mated with wild-type animals to generate 
heterozygous - and after further crossbreading - 
homozygous offsprings. The strains most commonly 
used are SV129 for the preparation of stem cells and 
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C57Black for blastocyte injection. However, these 
strains differ substantially in their susceptibility to 
cerebral ischemia. In C57Black mice ligation of the 
middle cerebral artery (MCA) results in brain infarcts 
which are at least 30% larger than in the SV129 strain 
[12; 52]. Angioarchitectural studies from our labora- 
tory reveiled that this difference is due to the larger 
vascular territory supplied by the MCA [51] (Fig. 1). 
On the other hand, C57Black mice are less susceptible 
to excitotoxic injury [65] and exhibit more robust vas- 



Vascular anatomy 





Infarct size 




Fig. 1. Difference in mouse strain susceptibility to stroke. Above: 
Latex infusion of cerebral vasculature of C57Black (left) and SV129 
(right) animals. The line of anastomoses between the supplying ter- 
ritories of the anterior cerebral artery (AC A) and middle cerebral 
artery ( MCA ) is marked by the dotted line. The peripheral shift 
of the line of anastomoses in C57Black mice reflects the larger 
MCA territory in this strain. Below: Comparison of infarct size in 
C57Black and SV129 mice. Infarct areas were measured by planim- 
etry on coronal slices at the indicated planes. Mean infarct volumes 
as calculated by integration was significantly larger in the C57 Black 
strain (modified from Maeda et al [51, 52]) 



oreactivity [21] which may partly counteract the an- 
gioarchitectural disadvantage of this strain. 

Obviously, strain differences may interfere with the 
effects of targeted mutations as long as the genetic 
background of the transgenic animals has not become 
homologous. However, as full homology requires 
backcrossings for 12 generations which takes about 
two years, only few of the published studies fulfill this 
requirement. 

Another methodological problem for the compari- 
son of ischemic injury in transgenic and wild type ani- 
mals is the possibility of differences in body weight. 
Ischemic infarcts are most widely produced by intra- 
luminal thread insertion into the MCA but to achieve 
consistent occlusion the tip diameter of the filament 
has to be adjusted to the vessel size which, in turn, 
varies as a function of body weight [33] (Fig. 2). Using 
the same filament for MCA occlusion in differently 
sized animals may, therefore, produce different se- 
verities of ischemia and, in consequence, differences in 
stroke outcome. 

Finally, the choice of the experimental stroke model 
may have profound influences on the effect on gene 
manipulation. In particular, transient and permanent 
focal ischemia trigger different molecular injury path- 
ways [31; 32], and even within the same category of 
ischemia, the contribution of primary and secondary 
injury mechanisms varies, depending on the severity 
and duration of ischemia and/or reperfusion (Figs. 
3, 4). Deletion or overexpression of the same gene, 
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Fig. 2. Relationship between body weight and thread size for suc- 
cessful occlusion of the middle cerebral artery in mice. The narrow 
range of successful occlusion demonstrates that filament size has 
to be precisely matched to body weight for obtaining reproducible 
infarcts (modified from Hata et al 1998 [33]) 
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Fig. 3. Dynamics of brain infarct evolution in C57Black mice during permanent middle cerebral artery (MCA) occlusion. Multiparametric 
imaging of cerebral protein synthesis ( CPS), ATP content and the expression of hsp70, c-jun, c-fos, and junB mRNA in representative brain 
sections at the level of the caudate-putamen. The outlines of preserved ATP and CPS have been superimposed to demarcate the core from the 
penumbra of the evolving infarct. Note gradual expansion of infarct core (defined as ATP-depleted tissue) into the penumbra (defined as tissue 
with suppressed CPS but preserved ATP), and differential expression of hsp70 and immediate early genes in the penumbra and the peri-infarct 
normal brain tissue (modified from Hata et al 2000a [31]) 
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Fig. 4. Evolution of brain injury in C57Black mice after transient focal ischemia. Multiparametric images of cerebral protein synthesis ( CPS), 
tissue ATP content and of hsp70, c-fos, and junB mRNAs in representative brain sections at the level of the caudate-putamen after middle ce- 
rebral artery occlusion for one hour. The outlines of preserved ATP and CPS have been superimposed to demarcate the metabolically impaired 
areas from the normal brain tissue (modified from Hata et al 2000b [32]) 
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Table 1. Gene manipulations interfering with free radical induced injury 



Gene manipulation Expected effect on MCA Effect on Reference 

free radicals occlusion infarct size 



Cu/Zn-SOD overexpression 
Cu/Zn-SOD overexpression 
Cu/Zn-SOD deletion 
Cu/ZN-SOD inactivation 
Mn-SOD deletion 
Mn-SOD inactivation 
APO (apolipoprotein) E3 overexpression 
GP (glutathione peroxidase) 
overexpression 

X-GCD (dysfunctional NADP oxidase) 
TRX (thioreduxin) overexpression 



improved scavenging 


transient 


improved scavenging 


permanent 


reduced scavenging 


transient 


reduced scavenging 


transient 


reduced scavenging 


transient 


reduced scavenging 


permanent 


improved scavenging 


transient 


improved scavenging 


transient 


reduced formation 


transient 


improved scavenging 


permanent 



decrease 


Kinouchi et al 1991 [41] 


no change 


Chan et al 1993 [9] 


increase 


Kondo et al 1997 [43] 


increase 


Guo et al 2000 [26] 


decrease 


Keller et al 1998 [40] 


increase 


Fujimura et al 1999 [22] 


decrease 


Sheng et al 1999 [69] 


decrease 


Weisbrot-Lefkowitz et al 
1997 [77] 


decrease 


Walder et al 1997 [75] 


decrease 


Takagi et al 1999 [73] 



may, therefore, result in different outcomes in different 
models. 

From a conceptual point of view, such differences 
are of considerable importance for the search of new 
molecular targets for stroke therapy. Under clinical 
conditions, blood flow disturbances associated with 
stroke are heterogenous, covering all possible combi- 
nations from minor to severe flow reduction, followed 
by different rates of reperfusion after greatly varying 
delays. As the precise profile of flow changes cannot be 
easily assessed in each patient, only those molecular 
targets will be of interest for clinical treatment which 
relate to an universal model-independent mechanism 
of ischemic cell death. Comparing the effect of trans- 
genic mutation in different experimental models may, 
therefore, help to identify such targets. 



Modulation of stroke impact in genetically modified 
animals 

A summary of published data on the effect of gene 
manipulations on brain infarct size is given in the 
tables (please note that multiple publications from 
the same laboratory are cited only once). To facilitate 
comparisons between the various studies, targeted 
injury mechanisms were classified into various cate- 
gories which, however, reflect more the current re- 
search interests than a systematic categorization of in- 
jury pathways. 

One of the earliest topics addressed by using geneti- 
cally modified animals was free radical-induced brain 
damage (Table 1). Free radicals are generated mainly 
during reoxygenation after temporary oxygen depri- 
vation and, therefore, are of particular pathophysio- 
logical significance following transient interruption of 



blood flow [8]. In accordance with this hypothesis in- 
terventions that reduce the formation or improve the 
scavenging of free radicals also improve the outcome 
of transient ischemic brain damage. In permanent is- 
chemia, free radical induced injury is probably re- 
stricted to areas in which residual blood flow oscillates 
around the threshold of metabolic disturbance. This 
explains that during permanent ischemia manipulation 
of the radical scavenging capacity either does [22; 73] 
or does not [9] result in the expected modulation of 
brain damage. 

Apoptosis, in contrast to free radicals, is thought 
to contribute to the evolution of injury after both per- 
manent and transient focal ischemia [54], but some 
of the reported data are controversial (Table 2). For 
instance, overexpression of the anti-apoptotic gene 
bcl-2 led to either decrease [44; 53] or no change [3; 78], 
and deletion of the anti-apoptotic gene p53 either de- 
creased [13] or increased [50] ischemic damage. There 
is also an inconsistency regarding the deletion of 
PARP which renders mice resistant to transient focal 
ischemia [17]. As this nuclear enzyme uses NAD for 
repair of DNA damage, the resulting NAD depletion - 
which could lead to energy failure - is thought to be 
the final reason for cell death [61]. However, simulta- 
neous measurements of the tissue content of NAD and 
ATP do not support this contention [60]. It is, there- 
fore, questionable whether the observed beneficial 
effect of PARP deletion uses this mechanism for tissue 
protection. 

Genetically modified animals have also been used 
for the dissection of various toxicity pathways which 
have been implicated to mediate ischemic or post- 
ischemic brain damage (Table 3). In particular, evi- 
dence has been provided in support of molecular in- 
jury mediated by nitric oxide (NO), glutamate, tissue 
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Table 2. Apoptosis-associated gene manipulations 



Gene-manipulation 


Expected effect 
on apoptosis 


MCA 

occlusion 


Effect on 
infarct size 


Reference 


bcl-2 deletion 


facilitation 


transient 


increase 


Hata etal 1999 [30] 


bcl-2 overexpression 


inhibition 


transient 


decrease 


Lawrence et al 1996 [44] 


bcl-2 overexpression 


inhibition 


permanent 


no change 


Bilbao et al 2000 [3] 


bcl-2 overexpression 


inhibition 


permanent 


no change 


Wiessner et al 1999 [78] 


bcl-2 overexpression 


inhibition 


permanent 


decrease 


Martinou et al 1994 [53] 


bcl-XL overexpression 


inhibition 


permanent 


decrease 


Wiessner et al 1999 [78] 


p53 deletion 


inhibition 


permanent 


decrease 


Crumrine et al 1994 [13] 


p53 deletion 


inhibition 


transient 


increase 


Maeda etal 2001 [50] 


ICE deletion 


inhibition 


permanent 


decrease 


Schielke et al 1998 [66] 


ICE deletion 


inhibition 


permanent 


decrease 


Yang et al 1999 [79] 


ICE negative inhibitor 


inhibition 


permanent 


decrease 


Friedlander et al 1997 [20] 


ICE negative inhibitor 


inhibition 


transient 


decrease 


Hara et al 1991 [27] 


lpr (fas loss of function) mutation 


inhibition 


transient 


decrease 


Rosenbaum et al 2000 [63] 


p50 (NF-kappaB subunit) deletion 


inhibition 


transient 


decrease 


Schneider et al 1999 [67] 


PARP deletion 


inhibition 


transient 


decrease 


Eliasson et al 1997 [17] 


E2F1 (transcription factor) deletion 


inhibition 


transient 


decrease 


MacManus et al 1999 [48] 



Table 3. Gene manipulations interfering with neurotoxicity 



Gene manipulation 


Effect on neurotoxicity 


MCA 

occlusion 


Effect on 
infarct size 


Reference 


NR2C (NMDA receptor) deletion 


reduced excitotoxicity 


permanent 


decrease 


Kadotani et al 1998 [39] 


NR2A (NMDA receptor) deletion 


reduced excitotoxicity 


transient 


decrease 


Morikawa et al 1998 [56] 


AMPA-receptor overexpression 


increased excitotoxicity 


permanent 


increase 


Le et al 1997 [45] 


nNOS deletion 


reduced NO toxicity 


permanent 


decrease 


Huang et al 1994 [37] 


nNOS deletion 


reduced NO toxicity 


transient 


decrease 


Ferriero et al 1996 [19] 


nNOS deletion 


reduced NO toxicity 


transient 


decrease 


Hara et al 1996 [28] 


iNOS deletion 


reduced NO toxicity 


permanent 


decrease 


Nagayama et al 1999 [58] 


iNOS deletion 


reduced NO toxicity 


permanent 


decrease 


Iadecola et al 1997 [38] 


iNOS deletion 


reduced NO toxicity 


permanent 


decrease 


Zhao et a/ 2000 [81] 


eNOS deletion 


reduced NO toxicity but 
impaired blood flow 


permanent 


increase 


Huang et al 1996 [36] 


t-PA deletion 


reduced excitotoxicity 


transient 


decrease 


Wang etal 1998 [76] 


t-PA deletion 


reduced excitotoxicity 


permanent 


decrease 


Nagai et al 1999 [57] 


t-PA deletion 


reduced excitotoxicity but 
impaired recirculation 


transient 


increase 


Tabrizi et al 1999 [72] 


uPA deletion 


reduced excitotoxicity 


permanent 


no change 


Nagai et al 1999 [57] 


PAI (plasminogen activator inhibitor)- 1 deletion 


increased excitotoxicity 


permanent 


increase 


Nagai et al 1999 [57] 


MT (metallothionin)-l overexpression 


reduced Zinc toxicity 


transient 


decrease 


Campagne et al 1999 [7] 



plasminogen activator (t-PA) or zinc. The genetic 
approach was particularly successful in elucidating the 
dual role of NO, depending on the cellular origin of 
generation [14]. At the vascular level NO is protective 
because stimulation of endothelial NOS produces vas- 
odilation and, as a consequence, improves collateral 
blood supply [46]. Stimulation of neuronal or inducible 
NOS, in contrast, promotes ischemic injury because 
parenchymal increase of NO facilitates the formation 
of peroxynitrite [16]. Similarly, t-PA may exert a dual 
effect by promoting thrombolytic reperfusion but fa- 
cilitating excitotoxicity [72]. 



Finally, experiments have been carried out with 
genetically modified animals to understand the role 
of various biologically active proteins in modulating 
ischemia-associated inflammation (Table 4), signalling 
and stress pathways (Table 5), or other disease-related 
tissue injury cascades (Table 6). These studies are in 
general support of established hypotheses on molecu- 
lar injury pathways but some negative results have 
been interpreted as evidence to the contrary [11; 29; 47; 
50; 64]. However, the methodological constraints cited 
above may also lead to false negative conclusions, and 
care should be taken not to overinterpret such data. 
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Table 4. Gene manipulations interfering with inflammation 



Gene manipulation 


Effect on inflammation 


MCA 

occlusion 


Effect on 
infarct size 


Reference 


ICAM-1 deletion 


reduced neutrophil adhesion 


permanent, 

transient 


decrease 


Kitagawa et al 1998 [42] 


ICAM-1 deletion 


reduced neutrophil adhesion 


transient 


decrease 


Soriano et al 1996 [71] 


MCAC-1 deletion 


reduced neutrophil adhesion 


transient 


decrease 


Soriano et al 1999 [70] 


IL-6 deletion 


reduced leukocyte activation 


transient 


no change 


Clark et al 2000 [11] 


IL-10 deletion 


reduced immunoresponse 


permanent 


increase 


GrilU et al 2000 [24] 


TNFR deletion 


reduced TNF response 


transient 


increase 


Bruce et al 1996 [5] 


MMP (matrix-metalloproteinase)-9 prevention of matrix protein 


permanent 


decrease 


Asahi et al 2000 [2] 



deletion degradation 



Table 5. Gene manipulations interfering with signalling pathways and the cellular stress response 



Gene manipulation 


Effect on cellular dysfunction 


MCA 

occlusion 


Effect on 
infarct size 


Reference 


CREB deletion 


reduced cAMP signalling 


permanent 


no change 


Hata et al 1998 [29] 


SHP2 inactivation 


reduced cytokine and growth 
factor signalling 


transient 


decrease 


Aoki et al 2000 [1] 


ER alpha deletion 


reduced estrogen signalling 


transient 


no change 


Sampai et al 2000 [64] 


Adenosin (A)2a deletion 


reduced adenosine signalling 


transient 


decrease 


Chen et al 1999 [10] 


MAO-B deletion 


reduced monoamine signalling 


permanent 


no change 


Holschneider et al 1999 [34] 


ODC overexpression 


increased polyamine response 


transient 


no change 


Lukkarinen et al 1999 [47] 


Hsp-70 overexpression 


increased stress response 


permanent 


decrease 


Rajdev et al 2000 [62] 


HO-1 overexpression 


improved stress adaptation 


permanent 


decrease 


Panahian et al 1999 [59] 



Table 6. Genes interfering with miscellaneous injury pathways 








Gene manipulation 


Effect on cellular dysfunction 


MCA 

occlusion 


Effect on 
infarct size 


Reference 


Dnmt deletion 


reduced DNA methylation 


transient 


decrease 


Endres et al 2000 [18] 


PS (presenilin)l inactivation 


perturbed calcium homeostasis 


transient 


increase 


Mattson et al 2000 [55] 


APP (amyloid precursor protein) 


increased APP synthesis 


permanent 


increase 


Zhang et al 1997 [80] 


overexpression 

AGN (angiotensinogen) deletion 


vasodilation 


permanent 


decrease 


Maeda et al 1999 [49] 


PCA2 (phospholipase A2) deletion 


reduced arachidonic acid release 


transient 


decrease 


Bonventre et al 1997 [4] 



Conclusions 

The use of genetically modified animals for the 
dissection of complex molecular injury cascades is 
a valuable addition to the repertoire of experimental 
stroke research. Important insights obtained by this 
approach are the differentiation between the dual role 
of NO for injury evolution, depending on the origin of 
generation [14], and the elucidation of the importance 
of free radical scavenging systems for minimizing tis- 
sue injury after ischemia-reperfusion [8]. Other inves- 
tigations contributed to the identification of various 



putative molecular modulators of cell death. How- 
ever, as ischemic injury in genetically modified ani- 
mals may be influenced both by differences in genetic 
background and by various methodological influences, 
interpretations may be biased by prior knowledge, 
particularly when conflicting results are obtained. It 
is also disappointing that to the present no common 
molecular target for therapeutical interventions has 
been established in different experimental models of 
ischemia. This may reflect the multimodality of ische- 
mic injury but it can also be interpreted as the failure of 
molecular stroke research to identify a key regulator of 
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ischemic or post-ischemic survival. However, whatever 
this regulator may be, genetically modified animals 
will be of considerable importance to test its relevance 
under various conditions of ischemic injury. 
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Summary 

Brain ischemia elicits an intense inflammatory reaction as evi- 
denced by endogenous activation of microglia and infiltration of 
leukocytes from the systemic circulation into the brain. A key issue 
regarding the well-described inflammation in brain injury is whether 
this reaction is of salutary or detrimental nature in the short and 
longterm post ischemia. In this brief review, evidence in support for 
the possible beneficial as well as detrimental role of inflammatory 
cells and mediators in ischemic brain injury is highlighted. We offer 
the opinion that both benefits and adverse effects of the inflamma- 
tory reaction at large depent on the levels of a specific mediator, the 
temporal relationships to the injury, the context in which the media- 
tor operates and the spatial relationships to the injury. 

Keywords: Inflammation; brain ischemia; brain injury; therapeu- 
tics. 



Stroke is the third cause of death in most developed 
countries and the leading cause of cardiovascular 
death in Japan and China. Stroke management is a 
leading health burden in all developed countries con- 
sidering loss of productive years and rehabilitation 
costs. Epidemiological studies conducted over the past 
10 years consistently demonstrate steady reduction in 
the incidence of stroke in developed countries until the 
very recent years where the incidence seems to plateau 
[3, 5]. This remarkable reduction in the incidence of 
strokes is attributed not to successful treatment of 
acute stroke but improved preventive messures, in- 
cluding (i) effective management of risk factors such as 
hypertension and diabetes, (ii) prevention of thrombo- 
embolic events with anti-coagulant treatment, (cou- 
madin for chronic atrial fibrillation) and antiplatelet 
agents (aspirin, clopidogrel) for primary and second- 
ary prevention, (iii) reduction of atherosclerosis bur- 
den by lipid lowering agents and physical activity, and 
(iv) better understanding of environmental, psycho- 
logical (stress) and behavioral (smoking and dietary 



habits) factors. In fact, effective treatment of hyper- 
tension, smoking cessation and anti-coagulation alone 
has been estimated to prevent ~75% of stroke events 
in the USA. 

While the incidence of stroke has declined steadily 
over the past decades, progress in treatment of acute 
stroke has been disappointing. At the turn of the 21st 
century, management of patients with acute stroke is 
still largely conservative, featuring clinical assessment, 
preservation of vital function and elimination of obvi- 
ous causes such as emboli and hemodynamic factors. 
Only minority of patients with acute ischemic stroke 
benefit from specific therapy with thrombolytics 
(~2-5%) since the therapeutic window is limited to 
(3 hours post onset of stroke) due to major adverse 
events (in particular, intracerebral hemorrhage). In 
only one area of stroke management, diagnosis, sub- 
stantial progress has been made consequent to the re- 
markable progress in imaging techniques that better 
assess the nature and location of the ischemic event [6, 
13, 14]. 

The failure of the medical and pharmaceutical com- 
munity to provide improved management for acute 
stroke patients is in particular striking in view of the 
enormous resources that have been applied to invent, 
develop and apply new therapeutics for stroke. The 
clinical trials conducted over the past decade by vari- 
ous pharmaceutical houses have explored the efficacy 
of various agents that have been intensely researched 
in many experimental paradigms that feature compo- 
nents of the human stroke condition. Yet, none of the 
clinical trials conducted with neuroprotective agents 
resulted in benefits to the patients. This disappoint- 
ing reality has raised many questions regarding the 
schemes and strategies that underwrote the pharma- 
ceutical development of drugs for stroke. In this re- 
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Fig. 1 . Schematic diagram illustrating changes occurring in thromboembolic cerebral ischemia that contribute to loss of cellular integrity and 
tissue destruction/infarction 



gard, one of the most pressing issue is whether the 
molecular targets that have been chosen for manipu- 
lation by the agents that failed in the trials were 
indeed the proper ones. Inspection of the compounds 
that have been used in phase III studies suggest that so 
far, inhibitors and antagonists of excitotoxic neuro- 
transmitters such as glutamate and its co-activators, 
glycine, have not produced the expected benefits. 
Other targets such as adhesion molecule (ICAM-1), 
ion channels (Ca +2 , Na + ) and oxygen radicals have 
not as yet demonstrated efficacy either. The reasons 
for the choices of these targets, largely based on re- 
search in the 1970- 1980s, is depicted in figure 1 where 
pathways of neuronal damage are shown. Figure 1, 
a highly simplified representation of the enormously 
complex perturbations of brain neurochemistry by is- 
chemia, focuses on 3 major molecular pathways: (i) 
The accumulation of Na + /Ca +2 ions consequent to 
loss of membrane potential and unregulated ion fluxes; 



(ii) massive release of neurotransmitters that are 
excitotoxic - of which glutamate was held as the ‘pri- 
mary suspect’ and (iii) oxidative stress that leads to 
radical formations, lipid peroxidation and indiscrimi- 
nate membrane and organelle damage. However, as 
shown in Fig. 2, the time frame for activation and 
action of the molecular targets that failed in clinical 
trials is likely to be a major reason that these pharma- 
cological agents failed in clinical development. Figure 
2 provides temporal perspective to this issue; clearly, 
at the time of patients availability for treatment in a 
medical facility (usually beyond 3 hours after the onset 
of the ischemic event) the early biochemical events that 
result from loss of membrane potential-ion fluxes, 
excitotoxic mediator release and radical formation, 
have long exercised their effect. Several hours after 
the ischemic attack, new molecular and biochemical 
events are emerging which include de novo gene ex- 
pression, protein synthesis and cellular events not seen 
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Dynamic Changes Following Stroke 
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Fig. 2. Schematic diagram depicts the dynamic changes following ischemic stroke 



in the normal healthy brain tissue. These cellular 
components include activation of microglia and infil- 
tration of blood borne leukocytes across the blood 
brain barrier into the brain. In brief, an acute inflam- 
matory reaction is initiated few hours after brain is- 
chemia that lasts for several days has been launched. 
At that time, brain cells commence on extensive tran- 
scription and translation of genes that express inflam- 
matory mediators such as cytokines and chemokines, 
highly conducive inflammatory milieu in the ischemic 
region (Fig. 3). 

The inflammatory reaction induced by an ischemic 
challenge to brain tissue has been well-documented 
in experimental as well as clinical studies. Over the 
past decade, stroke researchers inspecting brain tis- 
sue following various time points after stroke, ob- 
served indisputably inflammatory cells (neutrophils, 
monocytes) at the site of injury. With the aid of highly 
specific molecular, biochemical and immunohisto- 
chemical techniques, the presence of numerous in- 
flammatory mediators in and around the ischemic 



brain tissue has been documented. In brief, the pres- 
ence of ‘inflammatory’ cytokines, interleukins, che- 
mokines, leukocytes - endothelial adhesion molecules, 
etc., triggered intense research on strategies to abolish 
the emergence and/or effects of these mediators. It 
is important, however, to keep in mind that the in- 
flammatory reaction at large is designed as a defense 
mechanism against invading toxic organisms and 
noxious agents as well as providing for ‘tissue cleans- 
ing’ and repair. This fundamental role of the inflam- 
matory reaction in preserving tissue health poses the 
issue of whether or not inflammatory cells and media- 
tors that are present in the injured brain are ‘friend or 
foe’. The basic research literature on this subject is re- 
plete with reports on ‘wrong doing’ of inflammatory 
mediators and ‘beneficial’ effect of ‘suppressors’ of 
its components such as leukocyte depletion, adhesion 
molecule antagonists (ICAM-1, E- or P-selectins), 
anti-cytokines and interleukin antagonists. A minority 
of critical reports has been largely ignored. How- 
ever, careful inspection of the data regarding the det- 
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Gene Expression Changes Following Stroke 
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Fig. 3. Gene expression in rat ischemic cortex after middle cerebral artery occlusion. Four waves of ischemic gene expression include early 
response genes/ transcription factors ( wave 1 ) , heat shock proteins, pro-inflammatory mediators and growth factors ( wave 2 ) , proteinases and 
proteinase inhibitors (wave 3) and delayed remodeling proteins ( wave 4). The leukocyte wave, including early polymorphonuclear 
( PMN) neutrophils and later monocytes/macrophages infiltration, as well as activated microglia, is illustrated in the lower panel. Astrocyte 
activation (gliosis) occurs following leukocyte infiltration in the ischemic brain tissue 
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rimental role of inflammation in stroke reveals the 

following potential pitfalls: 

1. Pharmacological studies where inflammatory me- 
diators are injected acutely into the brain (normal 
or ischemic) could be quite artificial; the doses may 
be unrealistic in respect to the endogenous produc- 
tion and release capacity. In addition, correlation 
between the levels of these inflammatory mediators 
and the spatial and temporal context to the disease 
condition have often been ignored. 

2. Transgenic animal models where discrete deletion 
of certain cytokine or cytokine receptor genes (the 
‘bad guys’) were subjected to brain ischemia, have 
shown more extensive injury and inferior long-term 
recovery over the wild type mice - an opposite re- 
sult than the expected: ‘protection’. Most notable 
are the TNFa — /— mice where deletion of the 
cytokine or the cytokine receptors resulted in sig- 
nificantly larger necrotic tissue and poor functional 
outcome; so also for IL-6 — /- mice [1,9, 11]. 

3. Cytokines have a ‘reputation’ of pro-inflammatory 
function, yet some cytokines such as IL-10 have 
been shown to possess neuroprotective efficacy in 
various models of brain injury including stroke [10]. 
In fact, even TNFa and IL-ip, two cytokines most 
often cited as detrimental in the context of stroke, 
have been shown to provide neuroprotection and in 
fact, condition brain tissue into a state of ‘tolerance’ 
to ischemic insults when administered before the 
onset of the ischemic insult [7, 12]. 

4. While activated macrophages are viewed as villains 
when spotted in the brain, the growth promoting 
and neuroprotective potential of factors released 
from activated macrophages has been grossly 
overlooked. This is evidenced by remarkable re- 
covery induced by application of homologous acti- 
vated macrophages to injured spinal cord in rats 
[8]. In addition, studies where MBP (myelin basic 
protein)-activated T-cell have been applied to in- 
jured optic nerves show neuroprotection to the ret- 
ina [5], an unexpected result based on the ‘known’ 
role of MBP-activated T-cells in white matter in- 
jury that is associated with multiple sclerosis. 

5. From the clinical perspective, it is well established 
that glucocorticoids, the most potent and fast act- 
ing anti-inflammatory drugs known to medicine, 
are of no therapeutic benefits in stroke patients [4]. 
Likewise, none of the common non-steroidal anti- 
inflammatory agents (NSAIDs, e.g., aspirin, in- 



domethacin, ibuprofen, etc.) have proven beneficial 
in the acute treatment of stroke. 

6. Most recently, clinical trials in acute stroke patients 
with the anti-intercellular adhesion molecule- 1 
(ICAM-1) antibody have been terminated follow- 
ing futility analysis [2]. In fact, a trend towards ad- 
verse outcome was noted. While the cause for this 
situation remains to be analyzed, the failure of 
the ICAM-1 trials in stroke is consistent with lack 
of efficacy of broad (steroids) or more specific 
(NSAID) spectrum of anti-inflammatory agents in 
treatment of stroke. 

In summary, it is important to call for more careful 
analysis of the role of inflammation in ischemic brain 
injury. Special emphasis was placed on the diverse bi- 
ological and pathological aspects of inflammation and 
the potential for salutary as well as detrimental com- 
ponents of this reaction. It is hoped that further re- 
search on the role of inflammatory mediators will lead 
to new strategies and formulas for novel preventive 
and therapeutic measures in stroke. 
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Summary 

Histopathologic and NMR imaging studies show that focally is- 
chemic brain lesions tend to increase in size over time. In animal 
models of stroke as well as in patients presenting with hemispheric 
stroke, considerable lesion growth was observed. In focal cerebral 
ischemia, lesions predominantly enlarge early (<12 hrs postinsult) 
and show complete ischemic injury due to pan necrosis in the vast 
majority of affected tissue. In global cerebral ischemia - a condition 
that is present after cardiac arrest - lesions appear late (>12 hrs) 
in selectively vulnerable brain regions and neurons are damaged by 
apoptosis. The short resuscitation time of the brain explains why 
periods of global ischemia result in widespread and global loss of 
energy metabolites combined with diffuse brain edema and global 
damage. Mechanisms involved in lesion growth include excitotoxic- 
ity, peri-infarct depolarizations, lactacidosis, microcirculatory dis- 
turbances, and flow-metabolism uncoupling among others. Prob- 
lems involved in the subject under focus are related to maturation 
phenomena of injury and the different imaging modalities (meta- 
bolic imaging, NMR imaging, positron emission tomography) that 
require a subtly differentiated interpretation of the alterations 
observed. 

Keywords: Ischemia; NMR imaging; cardiac arrest; stroke. 

Introduction 

Non-invasive methods like NMR imaging and 
positron emission tomography (PET) have stimulated 
observations on the behaviour of ischemic lesions with 
regard to their temporal and spatial dynamics. Sur- 
prisingly, territorial brain infarcts tend to enlarge dur- 
ing an ongoing period of ischemia; this has been shown 
in animal models of stroke [24, 25, 34] and in the clin- 
ical setting. Almost half of the patients who presented 
with acute hemispheric stroke showed a marked in- 
crease in lesion size by >20% occurring over the initial 
7 days poststroke [10]. The situation is less clear in 
global cerebral ischemia, a condition that differs in 
many pathophysiologic aspects from focal ischemia. 
In animal experiments, global ischemia may either 



lead to recovery or to secondary deterioration of the 
tissue status associated with global reduction of energy 
metabolites [31]. However, the time course of changes 
in the brain parenchyma of patients with cardiac arrest 
is not well documented [2] and is difficult to assess due 
to the patchy nature of lesions that tend to be subtle. 
The purpose of this review is to describe the dynamics 
of lesion development both in focal and global cere- 
bral ischemia. Comparisons between experiments and 
clinical data are drawn. The potential mechanisms of 
those processes are discussed and finally, the problems 
involved in the matter are described to direct future 
research in the field. 

States of focal brain ischemia 

In focal ischemia, the growth of lesions has been 
investigated by using histopathologic studies [20, 21]. 
These studies demonstrated the phenomenon of infarct 
maturation, i.e., that there is time needed for the mac- 
roscopic and microscopic changes to become apparent 
on histological sections of the brain. At least 2-3 hours 
following the ischemic impact are necessary for the 
cells to show distinct ischemic changes such as gener- 
alized swelling, shrinkage and scalloping of neurons 
and the formation of vacuoles in dendrites [21]. During 
this period, it is difficult to assess the lesion size using 
histological means because the ischemic changes are 
sparse and not well demarcated at the borders towards 
non-affected tissue. About 6-12 hrs after onset of is- 
chemia, typical features appear that indicate irrevers- 
ible tissue damage such as axonal swelling, so-called 
Ted neurons’, and the occurrence of neuronal and as- 
trocytic ‘ghost cells’. Based on those pathologic find- 
ings it is suggested to differentiate early lesion growth 
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(<12 hrs postocclusion) from late one (>12 hrs 
postocclusion). This anticipates that at later stages of 
the process of infarction morphologic alterations seem 
to be irreversible in contrast to very early changes such 
as astrocytic swelling with otherwise normal appearing 
neuropil and preserved neurons. 

Histopathological studies by Garcia and co-workers 
[21] have demonstrated in the rat middle cerebral 
artery (MCA) occlusion model that the ischemic area 
covered 10% of the hemisphere at 1-h, 22% at 2-h, 38% 
at 6-h and 50% at 12-h postocclusion. Thereafter, le- 
sion growth slowed considerably or ceased altogether. 
The mathematical function of growth describes a 
rising asymptotic curve that approximates a certain 
maximum lesion volume. It may be assumed, however, 
that the values given for the initial 3 hours do not re- 
flect the real ischemic impact on the tissue under focus 
as shown later in this review. The predominant type of 
cell death in models of permanent MCA occlusion is 
pannecrosis. It has to be mentioned that in models of 
reversible MCA occlusion and - to a quite restricted 
amount - also in permanent vessel occlusion some cells 
die from apoptosis that only occurs if the energy state 
of tissue is grossly maintained [37, 38]. 

The regional distribution of ATP or glucose is an- 
other marker of ischemic lesions that is more reliable 
in the very early stage of infarction compared to his- 
topathology. In permanent vessel occlusion models it 
has been shown that areas with grossly reduced ATP / 
glucose are significantly enlarged during the initial 
2 hrs following MCA occlusion [34]. In this study, 
ATP reduction covered 22% of the ischemic hemi- 
sphere at 30 min and 50% at 2 hrs. This considerable 
magnitude of lesion enlargement was also demon- 
strated for other variables, i.e., areas with solid acido- 
sis (61% at 30 min; 70% at 2 hrs postocclusion) or 
regions that exhibit a disturbance of diffusion as mea- 
sured by NMR diffusion imaging (54% at 30 min; 67% 
at 2 hrs postocclusion) [24, 25, 34]. Interestingly, the 
alterations of ATP content, glucose content, tissue 
pH or tissue diffusion all were dependent on distinct 
thresholds of cerebral blood flow (CBF). It is impor- 
tant to note that the measurement of the apparent dif- 
fusion coefficient (ADC) only showed a reduction if 
CBF went lower than 0.34 ml/g/min (30-min ische- 
mia) or 0.41 ml/g/min (2-h ischemia), respectively 
[34]. This means that with ongoing ischemia, the CBF 
thresholds for certain pathologic processes (ATP re- 
duction, acidosis, diffusion disturbance) increase and 
are a function of time. It also makes clear that the 



change in the diffusion signal occurs at CBF rates 
that would alter the electrical function of the brain, 
i.e., correspond to the upper threshold of the ischemic 
penumbra [3], but not necessarily lead to morphologic 
damage. 

Our measurements of CBF show that in the in- 
farct core of the enlarging brain lesion, the actual CBF 
values tend to decrease with ongoing ischemia time 
(from 0.25 ml/g/min at 30 min to 0.10 ml/g/min at 
2 hrs postocclusion) [34]. The increasing disturbance 
of microcirculation in the central part of the lesions has 
been also observed by other investigators [19, 26] and 
is attributed to accumulation of lactate and micro- 
scopic cell swelling that hinders blood flow in the cap- 
illary bed. The enlargement of the ischemic territory 
seems to occur at the expense of the ischemic penum- 
bra: while the penumbra becomes restricted to a rim in 
the periphery of the evolving infarct, the infarct core 
area spreads from the lesion center to more peripheral 
regions, thereby occupying formerly penumbral areas. 
The comparison between histologic sections, images 
of metabolism (ATP, glucose, lactate, tissue pH) and 
diffusion-weighted images (DWI) at 7 hrs after onset 
of ischemia shows that now nearly congruent areas 
are observed that display overt infarction, ATP loss 
or disturbed diffusion, respectively [6]. Interestingly, 
there are also regions outside the ischemic lesion that 
exhibit clearly increased levels of lactate - a metabolite 
that may increase viscosity in the microcirculation and 
accounts, by part, for the marked acidosis in flow- 
compromised areas. Longitudinal studies that employ 
NMR diffusion imaging are capable to document le- 
sion evolution over time even in individual animals 
that suffer from stroke. Figure 1 presents such an ex- 
ample in which the increase in affected tissue is visible 
on repeated DWI, but also the increase in signal in- 
tensity (brightness of the lesion center) over time. 

Recently, the development of ischemic lesion vol- 
ume by using repeated diffusion imaging was demon- 
strated in a model of clot embolism of the MCA in rats 
[14]. Compared to the lesion volume at 30-min, final 
lesion size at 8-h postocclusion had increased by 
~70%. In experiments with transient vessel obstruc- 
tion, the lesion growth, as visualized on DWI, can 
be reversed if the brain is reperfused within 1 h post- 
occlusion [40]. Regions like the putamen and, depend- 
ing on the stroke model, temporal parts of the cortex 
show consistent infarction. With ongoing ischemia, 
predominantly cortical areas are recruited into the 
process of lesion growth. 
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Fig. 1. Lesion development in experimental MCA occlusion in rat measured by repeated NMR diffusion-weighted imaging. Left top: Control 
condition (a) in a coronal brain slice. Images (b) to (g): Repeated measurements of diffusion-weighted images (subtraction images) equally 
distributed over a 6-hours period postocclusion. Note the lesion growth and the increase in signal intensity within the lesion. (Courtesy M. 
Hoehn, Cologne) 



In human stroke, a very similar pattern has been 
observed by various investigators [10, 11, 33]. About 
50% of hemispheric territory infarcts tend to increase 
in size over the first days poststroke. The magnitude 
of mean infarct progression varied from 48% up to 
97% [10, 11, 33, 43]. Progression of lesions could be 
predicted if the initial investigation would show a large 
perfusion deficit in bolus-tracking perfusion maps that 
would clearly encompass the tissue with an altered 
diffusion signal [33]. This finding has been interpreted 
in a sense that the perfusion-diffusion mismatch area 
(perfusion reduced, diffusion normal) would represent 
- at least by part - the ischemic penumbra that ob- 
viously in most cases undergoes a secondary deterio- 
ration over time. This interpretation is conceivable, 
but difficult to prove as long as the NMR perfusion 
maps do not measure CBF in quantitative terms. Cur- 
rently, it remains unclear to which extent those areas 
suffer from critical hypoperfusion [43]. However, the 
progressive metabolic derangement of periinfarct tis- 
sue has been documented by serial PET measurements 
of CBF, glucose and oxygen metabolism in a cohort of 
acute stroke patients [28]. We know from angiographic 
studies in man that the outcome of patients present- 
ing with large hemispheric perfusion deficits is grossly 
dependent on the collateral supply via the anterior/ 



posterior communicating arteries, pial anastomoses 
and other variable arteries connecting the territories 
of the external and internal carotid artery. There is 
also sound evidence that infarct progression can be 
reversed by early reperfusion that can be promoted 
by thrombolytic agents such as tissue plasminogen 
activator (TPA) [18, 19, 35]. Thus, subareas of the 
ischemic lesions can be salvaged by reperfusion or 
TPA-associated recanalization as already shown in rat 
models of MCA occlusion [19, 40]. Figure 2 shows a 
speculative synposis of metabolic and imaging infor- 
mation in various subareas of a human brain territory 
infarct. The onion-shaped structure of such lesions 
with regard to the CBF and ADC gradients gradually 
decreasing from normal-appearing surrounding tissue 
towards the ischemic infarct core has been shown in 
experimental stroke [30] as well as in acute human 
stroke [5]. It is likely that the outer layers of the ische- 
mic lesion that have comparably higher flow values 
compared to the infarct core may benefit from re- 
perfusion or - in the future - from neuroprotective 
strategies. They may represent ischemic subareas that, 
during the process of lesion enlargement, have been 
last recruited into the lesion area. It is, however, un- 
likely, that any of the centrally located areas that are 
supplied by functional end arteries (for example, the 
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Diffusion/perfusion mismatch in human stroke 
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Fig. 2. Diffusion/perfusion mismatch in human stroke (speculative 
synopsis). ADC: apparent diffusion coefficient 



lentiform nucleus) could recover by any given therapy. 
Heiss and colleagues have shown that the degree of 
initial critical hypoperfusion (as measured by PET) 
well predicted the final infarct size. In their stroke pa- 
tients, the critically perfused brain volume amounted 
to 15 ml (measured < 3 hrs after symptom onset) 
whereas after 2-3 weeks the final infarct volume was 
22 ml encompassing the initial perfusion deficit [29]. 
Whether or not this pattern of infarct evolution also 
applies to other stroke types such as hemodynamic or 
small vessel occlusive infarcts, currently remains un- 
answered. Lesion progression has been reported in 
a case of lacunar infarction, recently [49]; systematic 
studies are lacking. 



States of global brain ischemia 

Much less is known about the temporal and spatial 
dynamics of lesions in global ischemia/anoxia. Studies 
by Hossmann and coworkers [31] show that prolonged 
gobal ischemia often results in secondary deteriora- 
tion during the reperfusion phase that, in those ani- 
mals, leads to depletion of energy metabolites, sound 
acidosis and a dramatic increase in lactate content. 
In some animals, however, recovery can be observed 
that is mainly dependent on successful reperfusion. 
This pathologic condition that imitates cardiac arrest 
in man, results in a rapid (< 10 min) and marked (68% 
of control) decrease in the ADC when measured by 
repeated NMR diffusion imaging. If we apply the le- 
sion assessment as used in focal ischemia, one would 
estimate a nearly 100% lesion size after 1-h of global 
ischemia (visible already after the initial 10 min) that 
may or may not resolve during a 180-min reperfusion 



period. A classical finding in other models of global 
ischemia, e.g., the four-vessel-occlusion model in rats 
[47], is a circumscribed damage to the CA1 sector of 
the hippocampal formation that appears after 3 days. 
The number of dead CA1 neurons has been shown to 
increase from 3 to 7 days post insult [13]. Other predi- 
lective regions prone to injury in global ischemia are 
the thalamus, the basal ganglia and the cortical layers 
3 to 5. Due to the subtlety of histopathologic changes 
that consist mainly of selective neuronal injury of 
the delayed type, it is difficult to assess lesion size 
in quantitative terms. In the literature, we do not find 
solid numbers for affected volumes of this process. The 
preferred type of cell death in this condition is apop- 
tosis, and not necrosis as seen in focal ischemia [13, 
44]. 

The morphological and imaging data on cardiac ar- 
rest patients are rare [2, 12, 23]. Recently, Arbaelez 
et al. published NMR findings in a series of patients 
with global cerebral ischemia following cardiac arrest 
[2]. It becomes obvious that DWI are capable of de- 
picting ischemic/anoxic tissue changes in the acute and 
early subacute phase (up to 14 days post insult) that 
were not displayed on Tl- or T2-weighted images 
or, alternatively, seen at a later stage of the disease [2]. 
There are no systematic longitudinal studies available 
to answer the question of cerebral lesion growth in 
human cardiac arrest. However, there is sound clinical 
evidence that longer durations of global circulatory 
arrest exceeding the resuscitation time of ^10 min, 
almost uniformly result in fatal outcome with general- 
ized brain edema, obscuration of gray-white matter 
junctions and widespread laminar necrosis of the 
cortex. 



Mechanisms of injury 

A variety of potential causes for lesion development 
(studied mainly in focal cerebral ischemia) are dis- 
cussed and include: (i) the time-dependent increase in 
microcirculatory flow disturbances [34], (ii) the occur- 
rence of severe lactacidosis in the infarct core [6, 7], 
(iii) the occurrence of spreading depression-like phe- 
nomena in the periinfact area [8, 15, 41], (iv) the time- 
dependent increase in the glucose utilization/blood 
flow uncoupling in the infarct border [9, 42], and (v) 
other molecular responses such as the occurrence of 
apoptosis and inflammatory changes [17, 37, 38, 44]. 

In experimental stroke, irregular depolarizations 
occur in the surroundings of an ischemic focus that 
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travel over the cortex like spreading depression of 
electrical activity [8, 36, 41]. The number of such peri- 
infarct depolarizations (PIDs) correlated with final 
infarct size [4, 39] and could be effectively blocked by 
glutamate anatagonists or initiation of recanalization 
that both reduced infarct volume [32, 45, 48]. By using 
repetitive NMR diffusion imaging, the propagation of 
the ischemic lesion which is dependent on the occur- 
rence of PIDs, has been demonstrated in a rat model 
of stroke [15, 46]. A recent attempt to measure similar 
changes in ADC that resemble PIDs in acute human 
stroke, was unsuccessful [5]. PIDs are closely related 
to a well-established concept of ischemic tissue injury, 
namely the excitotoxicity concept [16]. The high num- 
ber of glutamate receptors on the surface of cortical 
neurons but also in other parts of the brain explain that 
glutamate release may overstimulate those neurons 
due to impaired clearance mechanisms for excitotoxic 
transmitters. Other factors that contribute to lesion 
growth are related to the progressive impairment of 
CBF and the associated derangement of glucose and 
energy metabolism. A striking uncoupling between 
near-to-normal glucose utilization in the presence of 
compromised flow has been demonstrated in animal 
models of stroke [9, 22, 42]. It seems unlikely that any 
tissue could survive this mismatch between energy de- 
mand and blood flow supply on longer terms. 

Another important pathophysiologic factor is the 
excess generation of lactate due to the initiation of 
anaerobic metabolism. The lactate spreads over large 
parts of the affected hemisphere and - together with 
hydrogen ions from ATP hydrolysis - contributes to 
the severe acidosis that may further damage neurons 
[7]. Apart from these acute metabolic changes, molec- 
ular responses like the upregulation of immediate- 
early genes, the formation of stress proteins, the upre- 
gulation of pro-apoptotic proteins and inflammatory 
changes occur that may modulate the final ischemic 
injury in the subacute phase. However, it is very 
unlikely that this modulation would account for 
changes in lesion volume that exceed the 5 or 10% limit 
[29]. 

Potential pitfalls 

Problems involved in the topic under focus are re- 
lated to the maturation phenomenon of infarct histol- 
ogy as described in the section on focal ischemia. In 
global ischemia, histological changes may be too sub- 
tle for valid volume assessment. During the course of 
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ischemia, the occurrence of brain edema complicates 
the volume estimation of ischemic lesions because the 
entire affected hemisphere (still including non-affected 
tissue) may be swollen and enlarged compared to the 
contralateral side. In the chronic stage of infarction, 
tissue shrinkage occurs that, in contrast, may result in 
underestimation of the affected volume of brain pa- 
renchyma. It has to be mentioned that the occurrence 
of scattered neuronal loss in the periinfarct zones ac- 
counts for up to 15% of the total ischemic injury vol- 
ume [1,4] and, thus, complicates lesion quantification. 
The study of infarct development and lesion evolution 
requires a methodology that enables longitudinal 
studies. New modalities of NMR imaging appear to 
be the most promising tool for this type of study. Re- 
peated PET studies of CBF and glucose/oxygen me- 
tabolism are an alternative that has been applied suc- 
cessfully in animal stroke and human studies [27, 28]. 
However, attention has to be paid to the fact that the 
ischemic lesions, as visible on NMR diffusion images, 
may differ in size from areas with reduced energy me- 
tabolites, from areas with severe perfusion deficits or 
from regions with decreased glucose consumption as 
determined by PET or autoradiography, respectively. 
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Summary 

Single dose 3-nitropropionic acid (3-NPA) 24 hr before global is- 
chemia improves neuronal survival in both, neocortex and hippo- 
campus (‘chemical preconditioning’). Neuronal survival after tran- 
sient global ischemia requires new protein synthesis during recovery, 
especially of those with anti-apoptotic function. Bcl-2-protein is ex- 
pressed in neurons that survive cerebral ischemia and may parallel 
the time course of tolerance after ischemic preconditioning. With this 
study we examined whether differences in bcl-2-protein expression 
compared to baseline may be involved in the induction of ischemic 
tolerance using 3-NPA. 

Male Wistar rats received either a single intraperitoneal (i.p.) dose 
of 3-NPA (20 mg/kg), and were observed for 3 (n = 4), 12 (n = 5) or 
24 hours (n = 5) or the same amount of vehicle and were observed 
for 24 h (n = 8, controls). Immunohistochemistry allowed to com- 
pare the intensity of bcl-2 immunoreactivity at three subsequent time 
points in hippocampus, dentate gyrus and parietal neocortex with 
that of control animals. 

A single dose of 3-NPA caused a significant increase of bcl-2 pro- 
tein immunoreactivity in hippocampal neurons, i.e. CA 1 (5 out of 5 
animals, p = 0.003), CA 3 (5/5, p = 0.003), CA 4 (4/5, p - 0.025), 
and neocortex (5/5, p = 0.004), in a time dependent manner over a 
period of 24 hr after injection. Neuronal bcl-2 protein expression in 
CA 2 and dentate gyrus remained unchanged. 

The data suggest a possible role of bcl-2-protein in chemical in- 
duction of ischemic tolerance using a single subtoxic dose of 3-NPA. 
Bcl-2-protein expression may be initiated by increased levels of 
reactive oxygen species (ROS) after 3-NPA administration, as 
shown by others. Additional bcl-2 protein may then be available to 
(1) control postischemic ROS burst, (2) protect the mitochondrial 
membranes, and (3) inhibit pro-apoptotic mechanisms. 

Keywords: Tolerance induction, preconditioning, 3-NPA, bcl-2. 



Introduction 

Recently we showed in rats that moderate metabolic 
inhibition using 3-nitropropionic acid (3-NPA) im- 
proved neuronal survival after global ischemia as 
compared to control animals [17]. The effect has been 
termed “chemical preconditioning”. Tolerance against 
ischemia was also observed in gerbil hippocampus 
after 3-NPA injection [21] and in ex-vivo experiments 



using rat hippocampal slices [18]. Various stress stim- 
uli to neuronal tissue have been shown to be accom- 
panied by increased levels of reactive oxygen species 
(ROS, oxidative stress) [6, 10, 13, 14, 19] and it has 
been suggested that ROS formation could represent 
an important initial step for the induction of ischemic 
tolerance in the brain [12, 22, 23]. However, further 
downstream effects remain unclear. 

Neuronal survival after transient global ischemia 
depends in part on new protein synthesis during re- 
covery, especially of those related to apoptosis re- 
pressor genes [5, 24]. Bcl-2-protein is present in neu- 
rons that survive global and focal ischemia and some 
authors suggested that the expression of bcl-2 protein 
may parallel the time course of tolerance after ischemic 
preconditioning [20]. 

With this study we therefore examined whether 
an enhanced bcl-2-protein expression is involved in 
chemical induction of tolerance to global cerebral is- 
chemia by pretreatment with 3-NPA. 

Methods 

Male Wistar rats were randomly assigned to four different groups. 
Three groups of animals received a single intraperitoneal (i.p.) dose 
of 3-NPA (20 mg/kg), and were observed for 3 (n = 4), 12 (n = 5) or 
24 hours (n = 5), respectively. The fourth group of animals was in- 
jected with the same amount of vehicle and was observed for 24 h 
(n = 8) serving as controls (“baseline”). 

At appropriate times brains were transcardially perfusion fixed, 
processed for paraffin embedding and sliced into coronal sections. 
Immunohistochemistry, including two cycles of microwave radia- 
tion, was performed using rabbit polyclonal antibody against bcl-2- 
protein (Santa Cruz Biotechnology Inc., USA). 

Using the Optimas imaging system (Stemmer, Germany), the 
intensity of bcl-2 immunoreactivity in different regions of hippo- 
campus, dentate gyrus and parietal neocortex was compared to 
control animals by three different investigators (AMB, AA, HN). 
Additionally, all brain sections were evaluated for morphologic 
evidence of neuronal cell damage. 
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Changes in immunoreactivity compared to baseline were ex- 
pressed as ‘animals per group’ which showed an enhanced bcl-2 
protein expression. Time dependent differences between groups were 
assessed by multiple logistic regression, using SigmaStat-2.0 routines 
(Jandel, Erkrath, Germany). Differences were considered as statisti- 
cally significant at p < 0.05. 

Results 

A single application of 3-NPA (20 mg/kg, i.p.) re- 
sulted in increased bcl-2 protein immunoreactivity in 
neurons of hippocampus and neocortex in a time de- 
pendent manner over a period of 24 hr after injection. 
Figure 1 shows photomicrographs of representative 
animals. At baseline (vehicle treatment) neuronal im- 
munoreactivity for bcl-2 protein was faint in CA1, 
CA2, CA4 and neocortex, zero in dentate gyrus, and 
mild in hippocampal CA3. In contrast, 24 hr after 3- 
NPA treatment immunoreactivity for bcl-2 protein 
was strongly upregulated in these brain regions, e.g. in 
hippocampal CA 1 and CA 3. 

In some animals, intensity of bcl-2 immuno- 
reactivity in the respective brain regions was in- 
creased already after 3 and 12 hr following 3-NPA 
injection. After 24 hr all animals presented with sig- 
nificant upregulation of bcl-2 protein in CA 1 (5 out 
of 5 animals, p = 0.003), CA 3 (5/5, p - 0.003), CA 4 
(4/5, p = 0.025) of hippocampus, as well as neocortex 
(5/5, p = 0.004). Neurons in CA 2 and dentate gyrus 
showed no significant difference in immunoreactivity 
compared to controls. There was no evidence for neu- 
ronal cell damage in any brain region after 3-NPA or 
vehicle treatment. 

Discussion 

We observed a time dependent increase in neuronal 
bcl-2 protein immunoreactivity, induced by a single 3- 
NPA treatment in brain areas vulnerable to ischemic 
damage. The apparent increase of bcl-2 protein ex- 
pression parallels earlier observations of an increased 
tolerance against global brain ischemia one day after 
3-NPA injection (‘chemical preconditioning’) [17, 21]. 
This suggests a possible role of bcl-2-protein in chemi- 
cal induction of tolerance against ischemia in rats. 
Protein expression [3] is in a good temporal relation- 
ship with the upregulation of bcl-2 mRNA in rats 
treated with 3-NPA accordingly [4]. 

Bcl-2 protein, an oncoprotein, is present on the 
cytosolic membrane of mitochondria, on the nuclear 
envelope, and the endoplasmic reticulum, and appears 



to sense the actual state of these cell structures. In 
concert with other pro-survival proteins, bcl-2 is con- 
sidered a key regulator of apoptosis [for review: 1]. Bcl- 
2 may act as a death inhibitor through several different 
mechanisms. 

Firstly, bcl-2 protein is thought to inhibit the acti- 
vation process of cell death promoting proteins (e.g. 
caspases 1, 4 and 10) via Apaf-1 regulation [1]. How- 
ever, recent work is challenging this model [16]. 

Secondly, bcl-2 appears to control the mitochon- 
drial membranes via the mitochondrial permeability 
transition pore (PT) or mitochondrial megachannel 
[25]. These multiprotein complexes are formed at the 
contact site between the mitochondrial inner and outer 
membranes and regulate the transmembrane proton 
gradient, pH and calcium levels, as well as the non- 
selective flux of ions and various proteins between 
mitochondria and the cytosol. Bcl-2 appears to in- 
hibit PT pore opening, thereby antagonizing the 
activity of pro-apoptotic proteins (e.g. bax) which 
facilitate opening or are even constituents of the PT 
pore [25]. 

Thirdly, bcl-2 may exert its anti-apoptotic activity 
through regulation of reactive oxygen species (ROS), 
thereby reducing the deleterious effects on various 
cell compartments at times of oxidative stress, e.g. 
ischemia/reperfusion. Bcl-2 was found to inhibit ROS 
generation [7, 11], increases levels of ROS scavenger, 
e.g. superoxide dismutase or gluthatione [8, 15], or 
may itself act as a free radical scavenger [9]. 

The cell-survival activities of bcl-2 family proteins 
are antagonized by pro-apoptotic molecules (e.g. 
bax) via heterodimerisation with one another. Thus, 
whether or not certain biological events subsequently 
lead to an initiation of the cell death program seems 
to be in part dependent on the intracellular balance 
between pro-survival, e.g. bcl-2, and pro-apoptotic, 
e.g. bax, protein levels. However, there are some death 
signals which apparently bypass bcl-2 control [2]. 

For this model of chemical preconditioning using 
a single dose of 3-NPA, we suggest that the increase 
in bcl-2-protein expression may be initiated by an in- 
crease of ROS levels after 3-NPA administration [23]. 
After a subsequent ischemia/reperfusion more bcl-2 
protein is available (i) to control the postischemic ROS 
burst and/or (ii) to protect mitochondrial membranes 
from loosing their barrier function, and to prevent the 
release of intermembrane proteins, e.g. cytochrome 
c, and/or (iii) to inhibit the activation of cell death- 
promoting mechanisms via, e.g. caspases. 




Pharmacological preconditioning in global cerebral ischemia 

At this point we would like to emphasize that 
our current preconditioning technique via a cell toxin 
(3-NPA) can only serve as a tool to demonstrate 
that chemical tolerance is feasible, and to understand 
the underlying mechanisms under experimental con- 
ditions. 3-NPA is certainly not suitable for clinical use. 
However, identifying the important intracellular steps 
necessary for the induction of tolerance to ischemia 
will enable us to find or design other, safer substances 
for ‘chemical preconditioning’ in patients. 

Which patients may benefit from a viable concept 
of chemical induction of cerebral ischemic tolerance? 
Several interventions on brain vessels (e.g. aneurysm 
surgery) or on large arteries (ascending aorta, pulmo- 
nary arteries) involve temporary blood flow interrup- 
tion (e.g. clipping) or even complete circulatory arrest 
for a certain period. Other surgical procedures are 
associated with cerebral ischemia and bear the risk of 
a post-operative neurological deficit, e.g. heart sur- 
gery, or carotid endarterectomy. Thus, induction of 
ischemic tolerance by means of a chemical substance 
given e.g. one day before surgery, could improve post- 
operative outcome and the long-term quality of life in 
all patients were an interruption of blood flow to the 
brain can be anticipated. 



Conclusions 

In summary, the results suggest an important role 
for bcl-2 protein in chemically induced tolerance. In- 
creased expression of bcl-2 24 hr after 3-NPA ap- 
plication may represent a central mechanism for 
cell protection during subsequent global cerebral 
ischemia/reperfusion. Many issues, especially the en- 
tire cascade triggered by 3-NPA or other, possibly less 
toxic substances, which can trigger cerebral ischemic 
tolerance need to be further elucidated before the 
principle can find its way into everyday clinical prac- 
tice. 
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Summary 

Traumatic injury to the brain and spinal cord results in an 
early inflammatory response that is initiated by the release of pro- 
inflammatory cytokines followed by the infiltration and accumula- 
tion of polymorphonuclear leukocytes (PMNLs). The role of the 
inflammatory cascade on traumatic outcome remains controversial. 
Pleiotropic cytokines appear to function both protectively and de- 
structively. The induction of cytokines can lead to the expression of 
the inducible form of nitric oxide synthase (iNOS), which in turn 
provokes the release of excessive amounts of nitric oxide (NO) that 
may participate in the pathogenesis of tissue injury. Hypothermia 
has been reported by various groups to be neuroprotective in brain 
and spinal cord trauma. We studied the effect of therapeutic hypo- 
thermia on cerebral IL-lp concentrations, PMNL accumulation and 
iNOS activity after traumatic brain injury (TBI) and spinal cord 
injury (SCI). Based on current data therapeutic hypothermia may 
protect in models of traumatic injury by modulating deleterious in- 
flammatory processes. 

Keywords: Traumatic brain injury (TBI); Spinal cord injury 
(SCI); Interleukin- 1 beta (IL-ip); hypothermia. 



Introduction 

Traumatic brain (TBI) and spinal cord injury (SCI) 
initiates a cascade of acute and more chronic inflam- 
matory processes that influence outcome. While more 
acute inflammatory processes are felt to worsen out- 
come, recent data indicate that more delayed inflam- 
matory processes may participate in reparative pro- 
cesses [41, 44, 46, 47]. Thus, there is a continued need 
to clarify what specific inflammatory events should be 
targeted for acute neuroprotective strategies without 
affecting more delayed processes that may promote 
improvement. Much work has been accomplished in 
various models of brain and spinal cord trauma that 
have helped clarify the cellular and molecular events 



that lead to the recruitment of inflammatory cells [18, 
23, 42, 51, 52]. Ongoing research in our laboratory is 
concentrated on therapeutic strategies that target acute 
and subacute inflammatory processes with the goal of 
improving histopathological and functional outcome 
in established injury models. This chapter reports re- 
cent data on TBI and SCI and summarizes treatment 
studies including therapeutic hypothermia that appear 
to target multiple inflammatory cellular events. 

Pro-inflammatory cytokine IL-1/3 

Traumatic brain injury is associated with the 
production and release of pro-inflammatory cyto- 
kines including tumor necrotic factor-alpha (TNF-a), 
Interleukin- 1 beta (IL-ip) and Interleukin-6 (IL-6) [47, 
50]. IL-ip is the key mediator of the acute inflamma- 
tory response following cerebral ischemia and brain 
trauma. Cytokines mediate multiple cellular functions 
ranging from neuroprotective to neurotoxic effects. 
Various in vivo studies have strongly implicated IL-ip 
as a significant pro-inflammatory mediator of second- 
ary injury [63]. Increased protein levels of IL-ip have 
been demonstrated in brain tissue and blood from 
patients with brain trauma, stroke and other neuro- 
logical diseases [15, 18]. This cytokine is also expressed 
in response to other stimuli including infection or 
seizures [43]. IL-ip is a potent enhancer of inflamma- 
tory reactions through the release of other inflamma- 
tory mediators such as prostaglandin, collagenase and 
phospholipase A 2 [42]. This cytokine has been im- 
plicated in such diverse processes as apoptotic cell 
death [30], leukocyte-endothelial adhesion [5], blood- 
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Fig. 1. Time course of IL-ip concentration as measured by 
ELISA in cytosolic extracts of injured cerebral cortex fol- 
lowing moderate and severe TBI. IL-lp also measured 3 
hours after post-traumatic hypothermia (33 °C). Bar graphs 
illustrate means + SEM (n = 4 per group) ( *p <0.05 indi- 
cate statistical difference compared with sham-operated 
rats) 



brain barrier disruption [39], edema formation [30, 
63], astrogliosis [28], neurovascularization [28] and the 
synthesis of neurotrophic factors [17]. Although cyto- 
kine actions in the brain have most often been consid- 
ered to participate in damaging processes, these in- 
flammatory mediators also act as neuromodulators in 
the intact brain [42, 55]. In this regard, IL-ip and its 
mRNA are present in the normal rat brain [1, 24, 65]. 
Finally, inflammation has also been suggested to con- 
tribute to brain healing mainly through processes as- 
sociated with the removal of damaged tissue [29, 42], 

In experimental studies, the inhibition of IL-1 (3 has 
been reported to reduce lesion size after brain trauma 
[54] and decrease early edema formation [64]. For 
example, early treatment with recombinant human 
interleukin- 1(3 receptor antagonist (rh IL-lra) in the 
rat brain reduces lesion volume [54]. Although these 
observations implicate IL-lp in secondary injury cas- 
cade, other studies have shown lack of protection 
with IL-ip antagonists following brain trauma [33]. 
Novel therapeutic approaches that block the cytotoxic 
actions of IL-1 P require additional investigation in 
studies where chronic histopathological and behav- 
ioral studies are used as endpoints. 

Previous studies from our laboratory have docu- 
mented the beneficial effects of posttraumatic hypo- 
thermia on histopathological and functional outcome 
[9, 19]. We recently investigated the temporal and 
regional profiles of IL-lp in brain tissue as well as 
changes in the concentration of IL-lp under post- 
traumatic hypothermic conditions. Male Sprague- 
Dawley rats underwent moderate (1. 8-2.2 atm) or se- 
vere (2.4-2.7 atm) parasagittal fluid percussion brain 
injury [21]. In hypothermic animals, systemic temper- 



ature was reduced to 33 °C for 3 hours beginning 15 
minutes after trauma. IL-1 P levels of the lesion were 
quantified using an ELISA IL-1 p assay after a three- 
hour period of normothermia or hypothermia. Results 
indicate that severe and moderate TBI induce increas- 
ing levels of IL-1 P within the injured brain at all time 
points tested, with the most robust increase observed 
at 3 hrs (Fig. 1). Hypothermia (33 °C) attenuated IL- 
1 P levels in the injured right cortex as compared to the 
normothermic group after moderate TBI. However, 
the concentration of IL-1 P was still elevated compared 
to sham-operated controls. These results indicate that 
injury severity is an important factor for the pro- 
duction of pro-inflammatory cytokines and that early 
post-traumatic hypothermia may reduce systemic in- 
flammation through modulating IL-1 P production. 

Neutrophil accumulation after traumatic brain and 
spinal cord injury 

Polymorphonuclear leukocyte (PMNL) accumula- 
tion after brain and spinal cord injury has been im- 
plicated in the pathogenesis of neuronal injury [45]. 
Although the acute accumulation of neutrophils ob- 
served after F-P brain injury may represent hemor- 
rhage associated with primary vascular injury [14, 20, 
45, 53], neutrophil accumulation remains elevated for 
several days as a consequence of active recruitment 
mechanisms [10, 59]. Neutrophils may contribute to 
neuronal damage by the release of oxygen radical me- 
tabolites, hydrolytic enzymes and cytokines [45, 52]. 
Early neutrophil accumulation after TBI could con- 
tribute to tissue injury by releasing pro-inflammatory 
cytokines. Anti-inflammatory strategies targeting neu- 
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Fig. 2. Time course of myeloperoxidase (MPO) activity in the 
injured T10 spinal cord region and cerebral cortex after SCI or 
TBI, respectively. Within the injured T10 region, a significant 
increase in MPO activity was observed at 3, 24 hrs or 3-days af- 
ter contusion, with peak values observed at 3 and 24 hrs. In the 
traumatized cerebral cortex, a significant increase of MPO 
activity was observed at 3 and 24 hr, and 3 and 7 days, with peak 
values at 3 days (n = 4 per group) (significantly different from 
sham operated rats *p < 0.05) 



trophil accumulation may therefore be an important 
therapeutic strategy to reduce neural damage follow- 
ing TBI. 

Recently, we have investigated the regional and 
temporal profile of PMNL accumulation in rat models 
of TBI and SCI. Following moderate parasagittal F-P 
brain injury, neutrophil accumulation as determined 
by the regional enzymatic activity of myeloperoxidase 
(MPO) significantly increased at 3, 24 hrs, 3 and 7- 
days (Fig. 2) [11]. MPO values peaked at the 3-day 
period. Following contusion injury of the T10 thoracic 
spinal cord using the New York University (NYU) 
impactor, massive neutrophil accumulation was docu- 
mented at 3, 24 and 72 hours after injury [13], with 
peak values observed at 24 hrs. Interestingly, elevated 
levels of MPO activity were more acute and severe 
after spinal cord injury versus traumatic brain injury. 
In both TBI and SCI experiments, post-traumatic hy- 
pothermia (30 °C and 32 °C, respectively) significantly 
decreased MPO activity as compared to normothermic 
animals [11, 13]. Thus, post-traumatic hypothermia 
may also be neuroprotective in models of brain and 
spinal cord injury by reducing acute PMNL accumu- 
lation. 

iNOS activity after TBI and SCI 

Nitric oxide (NO) has been reported to play an im- 
portant role in the pathophysiology of TBI and cere- 
bral ischemia [40, 56]. It is known that under physio- 
logical conditions, the inducible form of NOS (iNOS) 
is absent from mammalian cells. However, in patho- 
logical conditions, iNOS is activated at the tran- 
scriptional level as a result of proinflammatory stimuli, 



including bacterial lipopolysaccharide or proinflam- 
matory cytokines [49]. The combination of multiple 
cytokines has also been reported to result in NO pro- 
duction by iNOS [38]. As previously discussed, sev- 
eral cytokines are expressed in the injured brain and 
within the cerebrospinal fluid after TBI [15, 38, 62]. 
Astrocytes [25, 26, 58], and macrophages/microglia [6, 
27, 34] can express iNOS in vitro and mediate neuronal 
cell death after injury. The expression of iNOS has 
also been observed in other cell types including endo- 
thelial cells, vascular smooth muscle cells and oligo- 
dendroglia following various pathophysiological con- 
ditions [8, 35]. In in vivo models, these cells can 
become activated and the activation is most prominent 
after one day [53]. 

Previous studies have demonstrated that once iNOS 
is expressed, it produces NO continuously at consid- 
erably increased levels compared with basal NO pro- 
duction [52, 57]. The potential mechanisms of the 
sustained production of NO in the injured brain have 
been discussed [16, 31, 37, 57, 60]. NO-induced cyto- 
toxicity may involve the inhibition of cellular en- 
ergy production by the inhibition of the glycolytic 
enzyme glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) [22] and the mitochondrial enzymes cis- 
aconitase and complexes I and II. In addition, NO 
also produces DNA damage, inhibits DNA replication 
by inhibiting ribonucleotide reductase, and triggers 
apoptosis [7]. DNA damage activates poly adenosine 
5’diphosphoribose synthetase (PARS), an enzyme that 
may lead to neurotoxicity by the depletion of essential 
substrates and ATP [36, 66]. In biological systems, NO 
can also cause toxicity, mainly through the diffusion- 
limited reaction of NO with superoxide anion (O 2 ) 
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Fig. 3. Time course of iNOS activity in the injured spinal 
cord segment (T10), following moderate spinal cord in- 
jury (SCI). Significantly elevated iNOS activity was de- 
tected at 3, 6, 24 hrs and 7 and 14-days after SCI. The 
largest increase was seen at 24 hr after SCI, (n = 4 per 
group) 



to generate peroxynitrite (ONOO-) [2, 3, 61] and pro- 
mote oxidative damage by perturbing iron metabo- 
lism. 

Recently, we have determined the time course of 
iNOS enzymatic activity after TBI and SCI [11, 57]. 
Following moderate F-P injury, iNOS activity is sig- 
nificantly increased in the injured cortical area at 3 
days and peaks at 7 days posttrauma. In contrast, fol- 
lowing moderate SCI, iNOS activity is significantly 
increased at the injury site at 3, 6 and 24 hours, 3, 7 
and 14-days after injury (Fig. 3). Interestingly, double 
label immunocytochemical staining of iNOS dem- 
onstrated that a large number of immunopositive 
cells were PMNLs. Thus, the early accumulation 
of PMNLs after brain and spinal cord injury appear 
to be a potential source of NO induced cytotoxic 
products. Finally, posttraumatic hypothermia (30 °C/ 
3 hrs) significantly decreased the elevation of iNOS 
activity at 7 days after TBI. Taken together, these data 
indicate that posttraumatic hypothermia may be neu- 
roprotective by decreasing iNOS activity. 

Interleukin- 10 after TBI and SCI 

In addition to posttraumatic hypothermia, specific 
pharmacological strategies have been used to target 
acute inflammatory processes [17, 19, 46, 50, 54, 64]. 
For example, recent data indicate that interleukin- 10 
(IL-10) a potent anti-inflammatory cytokine is neuro- 
protective in models of brain and spinal cord injury [4, 
32, 48]. Most recently, acute administration IL-10 has 
been shown to reduce TNF-a synthesis and to improve 



both histopathological and behavioral outcome in a 
model of SCI [4]. Interestingly, while acute treatment 
of IL-10 was neuroprotective, acute and more chronic 
treatment did not lead to a similar improvement in 
outcome. These data emphasize the potential of in- 
flammatory processes following CNS injury to result 
in both detrimental as well as beneficial consequences 
in terms of recovery of function [3]. Additional inves- 
tigations are therefore necessary to clarify the thera- 
peutic windows for strategies that target inflammation 
after injury and to clarify detrimental as well as bene- 
ficial inflammatory events. Combination therapies, 
possibly including hypothermia plus pharmacological 
agents that target specific inflammatory processes, 
may be beneficial in treating patients with brain and 
spinal cord injury. 
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Summary 

Background. The aim of the present study was to observe if the 
use of the L-type calcium channel antagonist nifedipine would offer 
advantages for the retinal ganglion cells and the restitution of the 
axonal cytoskeleton after optic nerve crush. 

Methods. Retinal ganglion cells were retrogradely labeled with a 
fluorescent calcium marker. With the in vivo confocal neuroimaging 
(ICON) method we observed the fluorescent cell metabolism marker 
Oregon Green BAPTA in the same retinal ganglion cells over 3 
weeks after optic nerve crush. 2 pmol nifedipine were injected intra- 
ocularly 30 minutes following optic nerve crush. 

Findings. Investigation of the optic nerve immunostained for NF- 
H presented decreased restitution of the neurofilaments in the axonal 
cytoskeleton after 3 weeks in the optic nerve crush group treated with 
nifedipine as compared to the optic nerve crush only group. 

Interpretation. These results show that a single injection of the 
calcium L-type antagonist nifedipine shortly after optic nerve injury 
has long-lasting negative effects on the recovery of the retinal gan- 
glion cells. 

Keywords: Retinal ganglion cells; recovery; calcium imaging; in 
vivo imaging. 



Introduction 

Abnormal accumulation of intracellular calcium 
following traumatic brain injury (TBI) is thought to 
contribute to a cascade of cellular events that lead 
to pathological conditions. Therefore, the possibility 
that specific calcium channel antagonists might exert 
neuroprotective effects in TBI has been of interest 
because smaller variations of the frequencies and/or 
the amplitudes of calcium signals are necessary for 
normal cell functions [2]. Only 30 min after induction 
of ischemia neurones develop cytoplasmic vacuolation 
while accumulation of calcium in swollen mitochon- 
dria was demonstrated by the use of the cytochemical 
pyroantimonate technique [9, 31]. In addition to mi- 



tochondrial changes in axons there was loss of axonal 
microtubules and disorganisation of neurofilaments 
[19, 32]. 

Initial stages after diffuse axon injury (DAI) include 
not only changes of the cytoskeleton [12, 22, 23, 27] 
but also disturbance of the axonal transport [15]. 
The damage of neurofilament (NF) structure in the 
cytoskeleton of axons induced by mechanical defor- 
mation during trauma is thought to cause regional 
compaction and/or impaired transport. As a result, 
accumulation of transport material induces regional 
axonal swelling [21]. Ionic shifts and secondary acti- 
vation of proteases lead to degradation of the axonal 
ultrastructure. In the DAI model of the optic nerve 
crush (ONC) [5] there is evidence that despite death of 
about 85% of the retinal ganglion cells (RGCs) [3] re- 
covery of vision occurs after initial blindness [30]. This 
functional recovery is highly correlated with the mor- 
phological appearance of the surviving RGCs [25], the 
restitution of the cytoskeleton and restoration of the 
axonal transport [7]. Recovery of physiological func- 
tion was observed in a relative short period after DAI 
in both humans [4] and experimental animals [24], 
which cannot be explained by time consuming regen- 
eration of axons. Therefore, nondisrupted axons play 
a special role in recovery of function [6, 29], and they 
may, for example, contribute to recovery of vision in 
humans as well [1 1]. For this reason the establishment 
of prospective manipulations to accelerate functional 
recovery has to be started shortly after injury. 

The intention of the present study was to prevent 
calcium induced cell death and acceleration of func- 
tional recovery after ONC. Therefore, L-type calcium 
channel antagonist nifedipine that is widely used in 
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patients after TBI was intraocularly injected 30 mi- 
nutes after ONC. The RGCs were observed with the 
in vivo confocal neuroimaging (ICON) method [28], 
which allows repeated visualization of the same cells 
over time. After 14 and 21 days respectively, the left 
and right optic nerves were dissected, followed by im- 
munostaining for NF-H and investigation of the axo- 
nal skeleton. 

Materials and methods 

Subjects 

Adult male Wistar rats (Harlan Winkelmann GmbH, Borchens, 
Germany) were used for this study. All experiments were carried out 
in accordance with the German Law on the Protection of Animals 
and protocols were approved by legal authorities (Tierversuchsge- 
nehmigung Nr. Psy/G/1/99). The animals were kept under a 12 h 
light/ 12 h dark cycle with free access to water and food with lights on 
at 6.00 a.m.. 15 animals were used (5 rats ONC and nifedipine, 5 rats 
ONC only, 5 rats sham-operated). 

ONC 

A bilateral optic nerve crush was carried out as described before 
[5, 30] under anaesthesia (ketamine 50 mg/kg-rompun 10 mg/kg, 
i.p., Parke-Davis, Berlin - Bayer, Leverkusen, Germany). In short: 
The optic nerve was approached from the orbita by a lateral can- 
thotomy under the guidance of a surgical microscope. The optic 
nerve was exposed by blunt dissection, leaving both retinal blood 
supply and dura intact. The nerve was crushed with a calibrated 
forceps at a distance of 3 mm from the eye for a duration of 30 s. 
After completion of the crush, the canthotomy was sutured and an 
antibiotic eye ointment was topically applied to prevent inflamma- 
tion (Aureomycin, Lederle Arzneimittel GmbH, Wolfratshausen, 
Germany). Surgery for control animals was performed leaving the 
optic nerve intact. 

Injections of the calcium marker 

RGCs were labelled retrogradely under anaesthesia (ketamine 
50 mg/kg-rompun 10 mg/kg, i.p.). Calcium activity in the RGCs 
was measured after injection of 2 pi Oregon Green BAPTA-dextran 
(dilution 1 : 5 in bidistiled water, Molecular Probes, Leiden, Nether- 
lands) into the right and left superior colliculus before ONC (10 ani- 
mals, coordinates: anterior-posterior 6.5 mm, lateral 1.4 mm and 
— 1.4 mm, 3. 0-3. 5 mm below dura). 

To study the effect of the L-type calcium channel antagonist nife- 
dipine after ONC intraocular injections with the antagonist were 
performed with a heat pulled glass pipette connected to a micro- 
syringe (model 105; Drummond Microdispenser) 30 minutes after 
ONC. Intraocular injections were made via the dorsal limbus, each 
over a period of 1 min under anaesthesia (ketamine 50 mg/kg- 
rompun 10 mg/kg, i.p.). 

ICON 

Detection of retrogradely labelled RGCs was performed by using 
the ICON-method to show the same cells in vivo at various time 
points. The imaging was performed as previously described [28]. 
Briefly, animals were deeply anaesthetized with a mixture (3 ml/kg 
body weight i.m.) of ketamine (100 mg/ml), xylazine (20 mg/ml), 



and acepromazine (20 mg/ml) before the eye was treated with 
Neosynephrine-POS 5% (Ursapharm, Saarbriicken, Germany) for 
relaxation of the iris. Vidisic optical gel (M. Pharma, Berlin, Ger- 
many) was applied as an immersion medium for the contact lens and 
for prevention of drying of the cornea. The rats were then positioned 
underneath a standard confocal laser scanning microscope (Odyssey- 
XL, Noran Instruments GmbH, Bruchsaal, Germany) with a large 
probe space and long working distance objective lens. The left or 
right eye, containing the fluorescently labelled RGCs, was positioned 
directly underneath the objective lens. 

Calcium activity of the RGCs was determined as relative fluores- 
cence intensity presented with a false colour system of the Intervi- 
sion software package (Intervision, Noran Instruments GmbH). 2 pi 
Oregon Green BAPTA (diluted 1 to five in 0.1 M PBS pH 7.4) 
mounted on a glass slide was used as positive standard value (100%). 

Tissue preparation for immuno his to chemistry 

After an appropriate survival time animals received a lethal dosis 
of Chloralhydrat (7% in 0.9% saline, 12 ml/kg body weight) and 
were transcardially perfused with 0.9% saline followed by an fixative 
mixture containing 4% paraformaldehyde, 1 5% satured picric acid, 
0.1% glutaraldehyde in 0. 1 M phosphate-buffer pH 7.4. Optic nerves 
were removed from the skull and postfixed in glutaraldehyde-free 
fixative for additional 2 h and were processed further for immuno- 
histochemistry. Therefore, the tissues were dehydrated in a graded 
series of ethanol, and embedded in Epon 812. Semithin longitudinal 
or transversal sections of the optic nerves were cut at 0.5 pm and 
mounted on microscopic slides. 

Antisera 

Polyclonal antisera anti-Neurofilament 200 (rabbit, 1 : 1000, 
Sigma, Deisenhofen, Germany) was used. Secondary Antibodies 
(1 : 50) were conjugated with FITC or Cy3 (anti-rabbit or anti- 
mouse, Sigma). Controls were carried out by omitting the first or 
second antibody. 

Immunohistochemistry 

After removal of Epon 812 by immersion for 2 min in sodium 
methoxide [13] the slides were incubated for 12 h at room tempera- 
ture (RT) with the first antisera in 0.1 M PBS containing 0.1% BSA 
and 0.5% Tween 20. Between the various steps of the staining pro- 
tocol the slides were thoroughly rinsed in 0.01 M PBS, pH 7.4. 

Fluorescence microscopy 

The tissue sections were examined with a fluorescence microscope 
(Leitz DM RXE) provided with a CCD camera (Kappa type CF8 / 
4DXC, Kappa Opto-electronics GmbH, Gleichen, Germany). Soft- 
ware of Kappa ImageBase Control 2.0 (Kappa Opto-electronics 
GmbH) and Photoshop (version 5.0, Adobe Systems, Edinburgh, 
UK) were used for computerized imaging of the pictures. 

Statistical analysis of optic nerve sections immunoreactive for NF-H 

Pictures of longitudinal sections of the optic nerves stained with 
the NF-H antiserum were counted independently by two examiners. 
The counting parameters for the longitudinal sections were as 
follows: length of stained individual axons and their appearance as 
straight or wavelike. At the time points investigated (21 days after 
ONC with and without nifedipine injections, and sham-operated 
controls) four cases were measured and counted. In each case eight 
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Fig. 1 . Detection of RGCs after ONC with the ICON-method. The cells were retrogradely labelled with the fluorescence marker Oregon Green 
BAPTA to represent relative calcium activity as false colours (white respected to the highest calcium activiy and black to the lowest one), (a) 
Representation of RGCs with increased calcium activity 15 minutes after ONC. (b) Some RGCs increased further in fluorescence intensity 30 
minutes after ONC. (c) After intraocular injection of the L-type calcium channel antagonist nifedipine most of the cells decreased rapidly in 
calcium activity, (d) At day 7 after ONC very few RGCs are visible in the same retina as (a-c). High background staining indicated an outflow 
of the fluorescence marker maybe by necrotic cell death 



or nine pictures from different sections were analysed. After 
confirming time point-related differences of the stained axons with 
a non-parametric Kruskal- Wallis one-way ANOVA, a Dij-Test 
(based on differences between the rank sums of the groups) was per- 
formed for multiple comparisons. 

Results 

Calcium activity after ONC 

The calcium activity of the RGCs was investigated 
with the ICON method using the fluorescent calcium 
marker Oregon Green BAPTA to determine possible 
changes after ONC. 15 min after ONC retrogradely 
labelled RGCs were recognized by their bright fluo- 



rescence of the calcium marker Oregon Green BAPTA 
(Fig. la). 30 min after ONC the relative calcium 
activity in the some cells was upregulated and soma 
size increased (Fig. lb). Intraocular application of 
the L-type calcium channel antagonist nifedipine de- 
creased rapidly the calcium activity in the RGCs as it 
was shown in fig. lc. 7 days after ONC very few RGCs 
were visible. High background staining of the fluores- 
cence marker indicated leakage of the Oregon Green 
probably as a consequence of necrotic cell death (Fig. 
Id). After 3 weeks almost no staining of the RGCs 
was visible (results not shown). These RGCs dis- 
appeared from the image presumably because they 
have died. 
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Table 1. Kruskal-Wallis one-way AN OVA results of two independent 
examiners, which counted axonal segments, stained for NF-H in lon- 
gitudinal sections 



Axon length, 


First examiner 


Second examiner 


appearance 


DF 


Chi- 

square 


P 


DF 


Chi- 

square 


P 


<2.75 pm, 
wavelike 


5 


13.80 


n.s. 


5 


30.76 


p < 0.05 


<2.75 pm, 
straight 


5 


28.90 


p < 0.01 


5 


20.50 


p < 0.01 


<8.25 pm, 
wavelike 


5 


20.76 


n.s. 


5 


34.39 


p < 0.01 


<8.25 pm, 
straight 


5 


16.49 


n.s. 


5 


32.54 


p < 0.01 


<16.5 pm, 
wavelike 


5 


18.36 


n.s. 


5 


26.54 


n.s. 


<16.5 pm, 
straight 


5 


37.52 


p < 0.01 


5 


37.49 


p < 0.005 


>16.5 pm, 
wavelike 


5 


23.15 


n.s. 


5 


11.00 


n.s. 


>16.5 pm, 
straight 


5 


37.79 


p < 0.005 


5 


41.04 


p < 0.005 



Immunohistochemistry 

NF-H immunoreactivity in the axon fibers of 
the optic nerve showed statistically significant differ- 
ences (Kruskal-Wallis one-way ANOVA between the 
groups) in axonal morphology in longitudinal sections 
21 days after ONC, 21 days after ONC and applica- 
tion of nifedipine, and controls (Table 1). 21 days after 
ONC and application of nifedipine axonal segments 
stained for NF-H were shorter and displayed more 
swellings (Fig. 2a) as compared to the controls (p < 
0.01 in the Dij-test based on differences between the 
rank sums of the groups) and the group untreated 
with nifedipine (p < 0.05, Dij-test). In the ONC group 
without nifedipine treatment the number of axons 
stained for NF-H decreased but most axonal segments 
stained for NF-H were straight and longer at day 21 
(Fig. 2b) similar to the neurofilaments stained in the 
control sections (Fig. 2c). Thus, the percentage of long 
axonal segments (more than 16.5 pm) stained for NF- 
H at day 21 without further treatment was not sig- 
nificantly different from control sections. At day 21 
after ONC and application of nifedipine a marked 
decrease of long axonal segments stained for NF-H 
was observed (p < 0.01 as compared to controls and 
p < 0.05 for day 21 ONC only, Dij-test). This showed 
a decrease of longer and straight axonal segments 
stained for NF-H at day 21 after ONC and a single 
injection for nifedipine as compared to the restitution 




Fig. 2. Immunoreactive NF-H was detected in axon fibers of 
the optic nerve in longitudinal semithin sections, (a) At day 21 after 
ONC and intraocular injection of the L-type calcium channel an- 
tagonist nifedipine short fragments are mostly stained for NF-H in 
the axons, (b) At day 21 after ONC without any further modifica- 
tions, few straight and longer axonal segments stained for NF-H. 
This indicates the normal restitution of the axon skeleton after optic 
nerve injury, (c) Control section stained for NF-H. Note the different 
diameters of the axon fibers 
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of the axonal skeleton, which was visible 21 days after 
ONC only. 

Discussion 

Using the ICON method in combination with an 
intracellular calcium marker and immunofluorescence 
for NF-H it was shown in the present investigation 
that restitution of NF-H in the injured optic nerve 
within 3 weeks after DAI was reduced strongly by a 
single injection of the L-type calcium channel antago- 
nist nifedipine short after ONC. 

Calcium dextran markers have been used success- 
fully for investigation of neuronal activity [14, 16]. The 
strong dependence of the fluorescent signal on cell 
activity suggests that the technique is useful for mon- 
itoring the activity of identified neuronal popula- 
tions [18]. With such a marker it was possible to detect 
qualitative and quantitative differences in calcium 
activity by measuring changes in fluorescence intensity 
in the RGCs with the ICON-method. 

It is known that opening of voltage-dependent cal- 
cium channels contributes largely to intracellular cal- 
cium overload during excitotoxic events or following 
axon injury. Glutamate-mediated depolarization leads 
to activation of voltage-dependent calcium channels, 
allowing extracellular calcium to enter the cell along 
its concentration gradient. Therefore, an antagonist of 
L-type calcium channels, Nimodipine, has been eval- 
uated in controlled randomised trials for neuropro- 
tection in acute ischemia using various treatment regi- 
mens. The Intravenous Nimodipine West European 
Stroke Trial (INWEST) had to be terminated due to 
worsened outcome and increased mortality [1]. An- 
other study, with patients who had been given nimo- 
dipine orally, found a significant 38% reduction of the 
odds for an unfavourable outcome only in those pa- 
tients who had received the treatment within the first 
12 h after the onset of symptoms [17]. The early treat- 
ment approach is now being tested in a Dutch study 
(Very Early Nimodipine Use in Stroke, VENUS; 
Limburg 1996). Thus, in the present study another 
antagonist of the L-type calcium channel, the clinically 
used nifedipine, was applicated. It was also injected 
30 min after ONC to prevent rapid calcium induced 
swelling of about 65% of the total RGCs which un- 
dergo cell death shortly after ONC [26]. In another 
study, observation of surviving RGCs after ONC 
showed a modulatory and temporally delayed increase 
of intracellular calcium and cell soma size after 6 days 



[25, 26]. This protective calcium increase was not ob- 
served at day 7 in the present study after a single in- 
jection of nifedipine shortly after ONC. This indicates 
that the decision wether the cell will survive or undergo 
cell death is made very early after optic nerve injury. 

Following ONC there is an initial period of ne- 
crotic and apoptotic RGC cell death [3] accompanied 
by complete blindness. Using different methods (im- 
munofluorescence, functional tracing, ICON method, 
RT-PCR) it was shown that recovery of visual func- 
tion correlates with the restitution of the cytoskeleton 
and the axonal transport in the injured optic nerve 3 
weeks after DAI [8]. 

Calcium mediated injury is known to disrupt the 
neurofilaments within the axonal cytoskeleton [32] and 
calcium influx after experimental brain injury activates 
intracellular proteases like calpain leading to break- 
down products of NF-H and NF-L in cortical tissue 
[20]. But, as it is shown here, an intracellular calcium 
decrease shortly after ONC did not result in restitution 
of the axonal cytoskeleton indicating that the calcium 
influx in this time window is critical for the recovery 
of neurones after DAL The re-occurrence of straight 
NF-H in surviving axons 21 days after ONC (Fig. 2b) 
suggested an intrinsic axon repair in concert with the 
recovery of axonal transport and the restitution of 
vision [8]. 

Restoration of NF composition seems to play a 
crucial role in intrinsic axon repair as a requirement 
of recovery of vision [7]. The availability of NFs de- 
pends on its phosphorylation state and this state is 
under control of the modulatory effect of calcium [10]. 
Therefore a fine adjustment of calcium influx is neces- 
sary. A modulatory concert of different ion channels 
has to be created, a requirement that is not met by a 
nifedipine treatment shortly after DAL 
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Summary 

Following traumatic brain injury uncoupling of metabolism from 
perfusion, reflected by an increase in cellular activity in face of re- 
duced perfusion contributes to secondary tissue damage. 

Standard autoradiographic techniques employed to study me- 
tabolism and perfusion are limited by the inability to perform 
longitudinal investigations. Therefore, the aims of this study were to 
investigate if metabolic uncoupling can be studied by applying non- 
invasive and non-radioactive methods. For this, quantitative EEG 
analysis and laser Doppler flowmetry were employed to determine 
changes in EEG activity as a global measure of neuronal activity and 
pericontusional cortical perfusion during the early phase following 
controlled cortical impact injury (CCII). 

In eight rats changes in neuronal activity and pericontusional 
cortical perfusion were determined before, at 4 and 24 hours after 
CCII. 

Neuronal activity was significantly increased by 40% at 4 hours 
after CCII followed by a significant decrease by 60% at 24 hours 
compared to pre-trauma levels. Pericontusional cortical perfusion 
was significantly reduced by 45% and 18% at 4 and 24 hours after 
CCII, respectively. 

Non-radioactive methods like quantitative EEG analysis and laser 
Doppler flowmetry can be used to reveal underlying uncoupling of 
EEG activity from cortical perfusion which is mostly sustained in the 
early phase following CCII. 

Keywords: Cortical perfusion; neuronal activity; secondary injury; 
traumatic brain injury. 



Introduction 

Under physiological conditions neuronal activity 
influences cerebral perfusion to meet elevated ener- 
getic demands [4]. Sustained release and changes in 
different mediators as e.g., potassium, nitric oxide, 
pC0 2 , pH, calcium, adenosine, adenine nucleotides, 
neurotransmitters, and prostaglandins [6] are known 
to decrease cerebrovascular tone, thereby dilating ce- 
rebral arterioles and increasing cerebral blood flow. 



Under pathological conditions following ischemic [1, 
17] and traumatic brain injury [5, 9], and during epi- 
leptic activity [2], however, metabolism and cerebral 
blood flow are no longer coupled. In this state of 
uncoupling cellular activity exceeds cerebral perfusion 
resulting in a mismatch between metabolism and sup- 
ply of required energetic compounds. During the early 
posttraumatic period different pathological changes 
occur in parallel, develop sequentially and influence 
each other. In this regard, reduced cerebral perfu- 
sion due to platelet accumulation, leukocyte plug- 
ging, microcirculatory stasis, arteriolar vasoconstric- 
tion, edema-mediated compression of capillaries, and 
disturbed autoregulation [6] aggravate ongoing meta- 
bolic and energetic impairment as reflected by in- 
creased extracellular glutamate, lactate, and hypo- 
xanthine concentrations [14]. Metabolic uncoupling is 
accepted to contribute to evolving secondary injury 
during the early period following ischemic and trau- 
matic brain injury. 

Investigation of uncoupling is usually performed by 
standard autoradiographic techniques [1, 5, 9]. How- 
ever, injection of radioactive markers does not allow 
to perform longitudinal studies. Therefore, the aim of 
the present work was to determine if uncoupling of 
metabolism from blood flow can be monitored using 
non-invasive and non-radioactive methods. For this, 
changes in EEG activity as a global measure of neu- 
ronal activity and cellular metabolism were assessed 
by quantitative electroencephalographic recordings 
and local pericontusional cortical perfusion was in- 
vestigated by laser Doppler flowmetry before trauma, 
at 4 and 24 hours following focal cortical contusion in 
the same rats. 
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Materials and methods 

Controlled cortical impact injury ( CCII) 

Under isoflurane anesthesia (isoflurane: 1.6 vol%, N 2 O: 0.4 1/min, 
O 2 0.2 1/min) CCII was induced by accelerating a pneumatic im- 
pactor (diameter 5 mm; penetration depth 1 mm, velocity 7 m/sec) 
in 10 male Sprague Dawley rats (300-350 g). This resulted in a sig- 
nificant left temporoparietal contusion and brain edema as recently 
published [18]. 



Physiological parameters 

Mean arterial blood pressure (MABP) and arterial blood gases 
were determined before CCII, at 4 and 24 hours after trauma (table 
1). Rectal temperature was maintained between 37 and 38 °C using a 
homeothermic heating pad. 



Electroencephalographic recordings (EEG) 

Two Ag/AgCl electrodes were attached to the exposed skull bone 
(right parietal and left frontal region) and referenced to the tail. EEG 
signals were amplified and digitized using a custom-built system. To 
avoid electrical interference a 50 Hz notch filter was applied. Wide- 
band filtered data was sampled at 1 kHz and recorded on a PC- 
computer system. Off-line signal analysis in terms of quantitative 
EEG was performed using an automated artifact rejection algorithm 
on 1 -minute epochs. Spectral power was calculated from artifact-free 
epochs using a Hanning-window prior to the Fast Fourier Trans- 
formation. Only the most dominant coefficients (1-3 Hz, 5 power) 
reflecting cortical neuronal activity were assessed and expressed in 
pV 2 . 



Cortical perfusion 

Pericontusional cortical perfusion was measured by laser Dop- 
pler flowmetry (DRT4, Moor Instruments, England) as described 
previously [10]. In brief, a 0.8 mm needle probe was moved in 
40 x 0.2 mm steps over the brain surface of the traumatized hemi- 
sphere parallel to the sagittal suture and parallel to the contusion. 
Using the coordinates of the stereotaxic frame identical areas were 
investigated at different time points. Two scans were performed at 
each investigated time point requiring an average time of 9 minutes 
per scan. Cortical perfusion assessed by laser Doppler flowmetry is 
expressed as changes in percent to pre-trauma levels. 

Statistical analysis 

Results are presented as mean ± SEM. Parameters were com- 
pared for significant differences using one-way analysis of variances 
(ANOVA). Differences were rated significant at p < 0.05. 



Results 



Physiological parameters 

During the entire study period arterial blood gases 
and MABP remained within physiological limits 
(Table 1). 



Table 1. Arterial blood gases and mean arterial blood pressure 
( MABP) remained stable during the entire study period 





Before CCII 


4 hours 


24 hours 


MABP [mmHg] 


90 + 1 


92+1 


95 + 3 


PH 


7.45 ± 0.01 


7.45 ± 0.01 


7.46 ± 0.02 


paCC >2 [mmHg] 


37.5 ± 1.9 


36.1 ± 1.7 


35.3 ± 1.6 


paC >2 [mmHg] 


174 + 7 


168 ± 12 


203 + 7 


SBC [mmol/1] 


26.4 ± 0.6 


25.4 + 0.5 


26.3 ± 0.3 


Hb [g/dl] 


14.2 ± 0.3 


13.2 + 0.6 


13.2 + 0.8 



EEG activity 

Exemplary recordings of EEG activity (raw data) 
determined before, at 4 and 24 hours after CCII are 
depicted in Fig. 1 showing an increase in burst-density 
at 4 hours after trauma. Compared to pre-trauma lev- 
els EEG power was significantly increased at 4 hours 
followed by a significant reduction at 24 hours after 
CCII (Fig. 2). 

Pericontusional cortical perfusion 

At 4 hours after CCII pericontusional cortical per- 
fusion was significantly decreased followed by an in- 
crease in flow values approaching pre-trauma levels at 
24 hours (Fig. 2). 

Uncoupling 

Uncoupling, defined as an increase in metabolism 
as reflected by sustained EEG activity coinciding with 
decreased perfusion is found during the early phase, 
i.e., 4 hours following CCII (Fig. 2). Persisting severe 
functional disturbance is revealed by a significant re- 
duction in EEG power despite nearly normalized flow 
values at 24 hours. 

Discussion 

Focal cortical contusion is associated with increased 
EEG activity and reduced pericontusional cortical 
perfusion during the early posttraumatic phase, pos- 
sibly reflecting uncoupling of metabolism/neuronal 
activity from blood flow. These observed changes de- 
pict local cerebral disturbances which are not caused 
by systemic alterations since MABP, paCC> 2 , and he- 
moglobin count remained unchanged and within nor- 
mal limits. 

Compared to standard autoradiographic techniques 
[1, 5, 9] use of quantitative EEG and laser Doppler 
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Fig. 1. Original EEG tracings determined before CCII (A), at 4 hours (B), and 24 hours (C) after CCII. Ordinate is given in pV. Abscissa in 
seconds 




Fig. 2. Changes in EEG activity and pericontusional cortical perfu- 
sion determined by quantitative EEG analysis and laser Doppler 
flowmetry (LDF), respectively are expressed in percent to pre- 
trauma levels. Following CCII EEG activity was significantly 
increased at 4 hours followed by a significant decrease at 24 
hours (*p < 0.05, ANOVA). Cortical perfusion was significantly 
decreased, which was mostly sustained at 4 hours after CCII 
(*p < 0.05, ANOVA) 



flowmetry analysis to determine changes in global 
neuronal activity and pericontusional cortical blood 
flow, respectively allow to conduct longitudinal 
studies. 



Employing the scanning technique by moving a 
laser Doppler probe in defined steps using the coor- 
dinates of the stereotaxic frame allows to assess local 
changes in pericontusional cortical perfusion. How- 
ever, EEG analysis and laser Doppler flowmetry can- 
not be used to topographically map changes in cellular 
activity and perfusion in different regions at varying 
depths of the rat brain as in autoradiography. 

Using a second laser Doppler probe for the 
contralateral hemisphere would allow to simulta- 
neously assess changes in the traumatized and non- 
traumatized hemisphere. However, alterations within 
deeper structures as e.g., the hippocampus known for 
its sustained vulnerability to glutamate-mediated exci- 
tation can only be visualized autoradiographically. 

Due to its high temporal resolution EEG analysis is 
particularly useful in studying functional changes that 
lead to alterations in cortical excitatory and inhibitory 
postsynaptic potentials. Spatial resolution, however, 
is usually poor. This can be partially solved by, e.g., 
using grid electrodes to obtain multi-channel record- 
ings. 

Assessment of spectral band-power as performed 
in the present study can be used to quantitate EEG 
activity in the anesthetized rat. This, in turn allows 
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to study functional disturbance of neuronal networks 
following traumatic brain injury [21]. 

Posttraumatic hyperglycolysis is caused by sus- 
tained neuronal and glial activation [5]. Autoradio- 
graphic studies do not allow to differentiate between 
neuronal and glial activation while EEG analysis can 
be used to explicitly investigate changes in neuronal 
activity. Sustained activation of postsynaptic gluta- 
mate receptors and energy-requiring pumps, as e.g., 
the Na + /K + ATPase result in increased glucose me- 
tabolism and lactate production which can be reduced 
by NMD A and non-NMDA receptor antagonists [8]. 
Disturbance of ionic homeostasis and development 
of spreading depression-like depolarizations following 
ischemic and traumatic brain injury stimulate glucose 
utilization [1, 5]. These depolarizations linked to in- 
creased activity of energy-consuming pump processes 
coincide with attenuated perfusion, thereby aggravat- 
ing energetic impairment and contributing to cellular 
damage. Over time, depolarizations increase in dura- 
tion and are accompanied by a reduction in EEG am- 
plitude [1]. At 24 hours after CCII, neuronal activity 
determined by quantitative EEG analysis was de- 
creased in amplitude and frequency. This decrease in 
neuronal activity is in line with depressed glucose uti- 
lization in contused cortex and ipsilateral subcortical 
regions between 1 and 10 days following CCII [9, 
19]. It remains to be clarified if a mere loss in cor- 
tical neurons linked to a reduction in neuronal excita- 
tion or if functional disturbance in terms of spreading 
depression-like depolarizations account for the reduc- 
tion in EEG power. 

Among other targets, the volatile anesthetic iso- 
flurane attenuates neuronal activity by reducing pre- 
synaptic glutamate release [11] and interfering with 
postsynaptic glutamate receptor binding [12] in a 
concentration-dependent fashion [16]. To exclude any 
artificial changes in EEG activity rats were anes- 
thetized with identical isoflurane concentrations, i.e., 
1.6 vol% at all investigated time points. However, it 
remains to be clarified if the susceptibility of neurons 
to the anesthetic action of isoflurane changes over 
time, thereby contributing to the observed temporal 
profile of neuronal activity. In the early phase, i.e., 1 
to 12 hours following ischemia NMDA and non- 
NMDA-receptor-mediated excitatory postsynaptic 
currents were significantly enhanced in hippocampal 
neurons [13]. Therefore, the administered isoflurane 
concentration could have been too low to reduce neu- 
ronal activity at 4 hours after CCII while theoretically 



the same concentration could have been too high in 
relative terms, thereby significantly reducing neuronal 
activity at 24 hours after CCII, a time point charac- 
terized by a marked loss in cortical neurons. 

Seizure activity occurs within the early period fol- 
lowing traumatic brain injury under experimental [15] 
and clinical conditions [20]. Using the chosen setup we 
cannot exclude occurrence of non-convulsive epileptic 
activity in the early phase following CCII, possibly 
contributing to the increase in EEG power. 

Reduction in perfusion observed in the early phase 
following CCII is caused by structural and functional 
disturbances involving endothelial cells, thrombo- 
cytes, leukocytes and humoral factors. As determined 
by intravital microscopy (unpublished data) and de- 
scribed by other authors, arteriolar vasoconstriction, 
platelet aggregation, leukocyte plugging, resulting in 
microvascular stasis, contribute to significant flow re- 
duction. In addition, an imbalance between dilating 
(nitric oxide) and constricting (endothelins) factors 
gives rise to diminished perfusion [6]. 

Pathophysiologic features of metabolic uncoupling 
can be influenced pharmacologically [7] and by mod- 
erate hypothermia [3], resulting in a decrease in tissue 
damage. It remains to be clarified if specific inhibi- 
tion of presynaptic glutamate release and elevation 
in MABP as performed in clinical routine via continu- 
ous norepinephrine infusion can be used to reduce 
EEG activity and increase cerebral perfusion, respec- 
tively, thereby modulating uncoupling of cellular 
activity from perfusion and possibly reducing second- 
ary tissue injury. 
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Summary 

Astrocytes play an active role in the brain and spinal cord. For 
example, they have a function in formation and maintenance of the 
blood-brain barrier, ion homeostasis, neurotransmitter transport, 
production of extracellular matrix, and neuromodulation. More- 
over, they play a role in preserving or even restoring the structural 
and physiological integrity after tissue injury. Currently, the function 
of astrocytes was studied with regard to the controversially discussed 
aspects of permissivity on the one-hand-side and inhibition of the 
other side exerted by reactive astrocytes for axonal regrowth in 
the adult CNS. Accordingly, knock-out mice deficient in vimentin 
(VIM) and/or glial fibrillary acidic protein (GFAP), the two major 
IF-proteins of astrocytes, were investigated. In addition, in vitro 
studies were carried out, on whether the absence of one or both pro- 
teins (VIM, GFAP) influences axonal regeneration. In experimental 
animals, a hemisection of the spinal cord was performed utilizing 
the above mentioned double-mutant mice. The knock-out mice 
were generated by gene targeting. Double-mutants were obtained by 
crossing single null mice. 

The in vitro results indicate that both VIM and GFAP were absent 
in astrocytic cultures obtained from double-mutant mice. On the 
other side, the proteins were detected in more than 85% of cultured 
cells from wild types. Co-culture of mutant mice astrocytes with 
neurons revealed that the neuronal density was different from that 
obtained in culture with wild type astrocytes. On the other side, there 
was a marked increase in neuronal density in co-cultures utilizing 
both GFAP knock-out- or double-mutant mice astrocytes again as 
compared to co-cultures with wild type astrocytes. Moreover, the 
neurite length of neurons was significantly increased in experi- 
ments with neurons growing on astrocytes from GFAP-knock-out or 
double-mutant mice. 

The in vivo experiments demonstrate an increase of nestin (NES) 
immunoreactivity at three days in the sectioned side of the spinal 
cord, in the perikaryon and astroglial processes. In double-mutant 
mice only a slight increase in NES-immunoreactivity was found in 
the lesion side, albeit confined to the perikaryon of astrocytes. Below 
the lesion, serotonin immunostaining was dramatically reduced three 
days after the insult in both sides, particularly in the lesion side. The 
decrease was more pronounced in double-mutant than in wild type 
mice. On the other side, double-mutant mice had a much higher 
density of serotonergic fibers in the ventral horn in the lesioned side. 

In conclusion, the findings demonstrate that in the absence of 
important astrocytic proteins as VIM and GFAP, the astroglial re- 
sponse to injury is significantly modified underlying reduced scar 



formation. Attenuation of scar formation may enhance axonal 
sprouting of serotonergic axons below the lesion, which specifically 
reinnervate motoneuron pools. 

Keywords: Astrocyte/neuronal co-culture; axonal regeneration; 
vimentin; glial fibrillary acidic protein; knock-out mice; spinal cord 
hemisection. 

Introduction 

In the developing CNS, astrocytes have been shown 
to play a role as a structural substrate for neuronal 
migration and axonal elongation [38, 47]. In the ma- 
ture CNS, astrocytes play an active role in integrative 
functions of the brain and spinal cord. Indeed, as- 
trocytes participate in the formation and maintenance 
of the blood-brain barrier [54], ion homeostasis [52], 
neurotransmitter transport [45], production of extra- 
cellular matrix [19, 25], and neuromodulation [11, 32]. 

Moreover, astrocytes play a major role in preserving 
and restoring some degree of structural and physio- 
logical integrity following injury [42]. The astrocytic 
response to injury is characterized by the hyperplasia 
and hypertrophy of cell bodies and processes. These 
two parameters characterize the reactive gliosis which 
has been regarded as the major obstacle to the axonal 
regeneration and CNS repair [4, 22, 39, 42, 50]. In any 
case, the major hallmark of reactive gliosis is an up- 
regulation of two major intermediate filaments (IF) 
proteins of the astrocyte, vimentin (YIM) and glial 
fibrillary acidic protein (GFAP) [1, 7, 15, 35, 40]. An 
increase in GFAP mRNA levels at the lesion site is 
followed by the long term rise in GFAP immuno- 
reactivity whereas a long term decrease in mRNA oc- 
curs [30, 41 , 46]. A similar regulation of GFAP mRNA 
is also observed at distance from the lesion site, in 
the projection areas [40, 41, 51]. After injury, the 
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reexpression of VIM occurs in astrocytes close to the 
injury and at distance from the lesion site in a subset 
of astrocytes associated with Wallerian degeneration 
[7, 29, 44]. 

In addition, reactive astrocytes also reexpress other 
IF class Vl-protein, such as Nestin (NES) [5, 10, 21], 
which is predominantly expressed by neuroepithelial 
progenitor cells [8, 18]. NES is down-regulated in the 
adult CNS with the exception of adult CNS stem 
cells [16, 24, 31, 43, 53]. NES is also reexpressed in 
deafferented target territories [3]. Thus, like VIM and 
GFAP, NES constitutes a sensitive marker of reactive 
gliosis following CNS injury [3, 5, 10, 21]. 

However, the formation of the glial barrier at the 
lesion site has also positive aspects, such as the pro- 
duction of trophic factors [33], and an isolating role 
in reconstructing the blood-brain barrier (BBB), thus 
limiting secondary lesions. 

This study reports our recent advances concerning 
the controversial aspects of permissivity and inhibition 
by reactive astrocytes for axonal regrowth in the adult 
CNS. After a previous study in which we used a 
cholesterol derivative to modify both the physical and 
chemical components of the astroglial barrier [13], we 
proposed to evaluate selectively the contribution of 
hypertrophy in the glial scar. For this purpose we used 
transgenic mice deficient in VIM or/and GFAP, the 
two major IF-proteins of the astrocyte involved in hy- 
pertrophic response to injury. We have investigated in 
vitro whether the absence of one or both proteins - 
VIM and GFAP - may influence axonal regeneration 
by modifying the surface properties and diffusible and/ 
or matrix-associated factors of astrocytes, in terms of 
their ability to support neuronal survival or/and neu- 
rite outgrowth. We then analyzed in vivo the astroglial 
reaction and axonal regrowth in a hemisection model 
of the spinal cord using these double mutant mice. 

Materials and methods 

VIM-null and GFAP-null mice were generated by gene-targeting 
as previously described [6, 37]. Double mutant mice were obtained 
by crossing single null mice. Wild-type mice with a mixed genetic 
background were used in this study. We performed two experimental 
approaches: (1) an in vitro coculture model of neurons/astrocytes, 
and (2) an in vivo hemisection model of the spinal cord. 

In vitro approach 

Our purpose was to analyze the surface properties and diffusible 
or/and matrix-associated molecules of astrocytes from the three 
mutant mice with regard to neuronal survival and neuritogenesis, 



and to compare them to those from wild-type mice. We developed a 
coculture model using neonatal spinal cord astrocytes (P-2) from 
wild-type or mutant mice which reached confluence after 1 5 days in 
vitro (DIV), when embryonic cortex neurons (E-14) from wild-type 
mice were added. Such a coculture model permits the development of 
neurons on a well defined astrocyte monolayer from their target re- 
gion. The same protocol was carried out with the three mutant mice. 

Primary cultures of astrocytes were established from spinal cord 
as previously described [28]. Briefly, spinal cords were aseptically 
isolated and the meninges discarded. After treatment with 0.25% 
trypsin-EDTA for 8 min at 37 °C, tissue was mechanically dis- 
sociated, resuspended in a 1:1 mixture of Dulbecco’s modified es- 
sential medium and Ham’s FI 2 supplemented with 10% fetal bo- 
vine serum and 0.6% glucose, and plated at a final concentration of 
10 5 cells/cm 2 . After 15 days in vitro, cultured astrocytes attained 
confluence. Embryonic cortical neurons were prepared in the same 
way as astrocytes and seeded on astrocyte monolayers at the density 
of 12.5 x 10 3 cells/cm 2 . Coculture medium was supplemented with 
N2 complement and changed every 3 days. 

After 7 days in vitro, cocultured neurons were processed for pill- 
tubulin immunodetection and two parameters were evaluated: neu- 
ronal survival and neurite lenghts per neuron. Some cultures with 
astrocytes alone were also characterized at 21 days in vitro by im- 
munocytochemical detection of VIM, GFAP and NES, using the 
peroxidase-antiperoxidase system [27]. 

In vivo approach 

Our aim in this approach was to analyze the astroglial reaction to 
injury in these mutant mice. Here we have evaluated astroglial re- 
sponse in double VIM and GFAP knockout mice using a previously 
described hemisection model of the spinal cord [13]. Then, axonal 
sprouting or regeneration was evaluated in these mutants versus 
wild-type mice. This hemisection model includes in addition an in- 
ternal control by comparison of injured and intact sides in the same 
animal. 

Following 3 days or 5 weeks to the lesion, animals were sacrificed 
by intracardial perfusion, spinal cords removed and processed for 
NES, S-100 immunodetection. Moreover, serotonergic sprouting 
was subsequently evaluated by immunocytochemistry [26]. 



Results 



In vitro approach 



Astrocyte monolayers 

VIM, GFAP and NES were immunodetected in 
more than 85% of the cultured cells from wild-type 
mice. As expected, VIM and GFAP, respectively were 
absent in cultures from VIM and GFAP mutant mice, 
whereas both proteins were absent in cultures from 
double mutant mice. NES was normally expressed in 
cultures from GFAP mutant mice with a distribution 
similar to that of cultures from wild-type mice. How- 
ever, in cultures from double mutant mice, NES im- 
munostaining distribution appeared diffusely spread 
out in the perikaryon and no NES-immunoreactivity 
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Table 1. Quantification of neuronal density and neurite length per neuron on astrocyte monolayers from wild-type, Vim-, GFAP- and double mu- 
tant mice after 7 days in vitro of coculture 





Wild-type 


Vim-/- 


GFAP-/- 


Double—/— 


Neuronal density (cells/mm 2 ) 


35.23 ± 5.92 


24.60 ± 2.63 


106.14+ 14.81*** 


125.83 ± 16.76*** 


Neurite length (pm/neuron) 


483.87 + 40.19 


531.40 + 65.87 


1125.86 ± 82.18*** 


1061.26 + 78.68*** 



Values are indicated as absolute values ± sem and statistical analysis was performed using the non parametric Mann- Whitney U test 

(***: p < 0.001). 

Neuronal density and total neurite length of wild-type neocortical neurons co-cultured on spinal cord astrocytes from VIM mutant mice do 
not significantly differ from that growing on astrocytes from wild-type mice. At variance, note the significant increase of both neuronal density 
and neurite length when neurons are cocultured on astrocytes from GFAP- and from double mutant mice. 



was detected on astroglial processes whereas two 
astrocyte populations were detected in cultured as- 
trocytes from VIM mutant mice: one with NES- 
network of glial filaments and the other with a diffuse 
pattern. 

Cocultures 

After characterization of cocultured neurons by 
(3111-tubulin immunostaining, two parameters were 
evaluated. Neuronal density for determining the influ- 
ence of the absence of VIM or/and GFAP on neuronal 
attachment and survival, and neurite length per neu- 
ron for determining the influence of the VIM or/and 
GFAP on neurite growth. 

Cortical neurons growing on astrocytes from wild- 
type mice appeared isolated and developed short neu- 
rites. A very similar aspect was observed when neurons 
grew on astrocytes from VIM mutant mice. In con- 
trast, cortical neurons growing on astrocytes from 
both GFAP and double mutant mice were often or- 
ganized in clusters, more so in the case of GFAP mu- 
tant mice, and both developed a long and more com- 
plex neuritic network. 

Neuronal density in cocultures from VIM mutant 
mice was not significantly different from that of wild- 
type mice. Interestingly in contrast, a marked increase 
in neuronal density was observed in cocultures from 
both GFAP and double mutant mice versus cocultures 
from wild-type mice (Table 1). 

The measure of neurite length per neuron permitted 
the evaluation of the efficacy of differential surface 
properties of astrocytes from these three mutant mice 
as regards neurite elongation. Neurite lengths per 
neuron in cultures from VIM mutant mice were not 
significantly different from those of wild-type mice. 
Conversely, neurite length per neuron in the case of 
neurons growing on astrocytes from both GFAP- and 



double mutant mice was significantly higher than that 
of neurons growing on astrocytes from wild-type mice 
(Table 1). 

In vivo approach 

In wild-type animals NES-immunoreactivity was 
increased as early as 3 days in the sectioned side in the 
perikaryon and astroglial processes and was still pres- 
ent at least 5 weeks after the hemisection of spinal 
cord. Conversely, in double mutant mice, a slight in- 
crease in NES-immunoreactivity was detected in the 
lesioned side, which was only confined to the peri- 
karyon of astrocytes. 

Below the lesion level, serotonin immunostaining 
was dramatically reduced 3 days after the lesion on 
both sides, but especially on the lesioned side. This 
reduction was more marked in double mutant than 
in wild-type mice. Five weeks after the lesion, a few 
thin serotonergic fibers were observed throughout the 
lesioned side in wild-type animals, whereas a much 
higher density of fibers concentrated in the ventral 
horn on the lesioned side was observed in double mu- 
tant mice. 



Discussion 

Our results illustrate several interesting points: First, 
VIM- or GFAP-immunostaining, like that observed in 
normal cultured astrocytes from wild-type mice, were 
observed in astrocytes respectively devoid of GFAP 
and VIM. No evident signs of compensatory expres- 
sion of the partner IF-protein were observed in as- 
trocytes devoid of VIM or GFAP, confirming the in 
vivo studies carried out by ourselves and others [12, 
14, 37]. Secondly, normal distribution of NES im- 
munoreactivity was only observed in astrocytes devoid 
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of GFAP whereas a polymerized NES network was 
absent in astrocytes from VIM and double mutant 
mice. This confirms that NES needs the presence of 
VIM to polymerize in a NES/VIM network [9, 23] and 
not that of GFAP. 

Moreover, our results show that astrocytes from 
GFAP- and double mutant mice are significantly more 
permissive for both neuronal survival and neurite out- 
growth, at variance with astrocytes devoid of VIM 
which are more comparable to astrocytes from wild- 
type mice. Thus, the absence of GFAP in astrocytes 
(from both GFAP and double mutant mice) seems to 
be a key factor in the modification of neuron/astrocyte 
interactions, leading to a more favourable and per- 
missive substrate for survival and neurite growth. 

The increased neuronal survival observed on as- 
trocytes devoid of GFAP or of both VIM and GFAP 
could be a consequence either of a better attachment of 
cortical neurons by increasing adhesive properties, or 
of a release of trophic factors. Moreover, astrocytes 
devoid of GFAP or both VIM and GFAP are a more 
permissive substrate for neurite growth, possibly by 
expression of diffusible or/and matrix-associated mol- 
ecules in an increased permissive/inhibition ratio [20, 
34]. The absence of GFAP could thus correspond in 
some aspects to a status close to that of radial glia, 
which contain only VIM and possibly NES, and which 
are permissive for migration and axonal elongation of 
neurons during development [38, 47, 48, 55] or similar 
to immature astroglia which are a more permissive 
substrate for neurite outgrowth than the mature as- 
trocytes [2, 15, 49]. Interestingly, increased neurite 
outgrowth promoted by astrocytes from GFAP mu- 
tant mice [27] has also recently been obtained in 
neuron/astrocyte coculture by using GFAP m-RNA 
antisens [17]. 

The possible mechanisms involved in the effects of 
astrocytes devoid of GFAP (from GFAP and double 
mutant mice) are analyzed through the comparative 
screening of key molecules in three mutant and wild- 
type mice [28]. 

This study illustrates also that in the absence of 
VIM and GFAP, the two major IF-proteins of astro- 
cytes, a significant modification of the parameters of 
astroglial reaction to injury occurs, leading to a 
reduced glial scar in the spinal cord which has been 
illustrated in another lesion model [36]. Moreover, this 
results in axonal sprouting of serotonergic axons be- 
low the lesion, which reinnervate specifically moto- 
neuron pools. 



Conclusion 

Astrocytes are the indispensable partners of neurons, 
from birth to senescence. The progressive elucidation 
of their multiple functions opens-up new avenues for 
intervention in many pathological processes. One key 
example is indeed that of axonal regeneration where 
they appear as one of the main targets for drugs, cell 
and gene therapy. However, posttraumatic reaction 
of astrocytes illustrates the intricacy of protective/ 
obstructive influences, whose complexity reflects that 
of the CNS of mammals. Ontogeny and phylogeny 
converge towards the most sophisticated assembly of 
living cells, which are all interdependent, and it should 
be remembered that any intervention in the complex 
cascade of events which follows an injury should be 
tailored in order to keep that assembly as intact as 
possible. Hopefully, we have now in our hands an 
equally sophisticated arsenal of diagnostic and thera- 
peutic tools limited only by our imagination . . . 
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Summary 

Patients with an acute complete spinal cord injury (SCI) present a 
syndrome called “spinal shock”. During spinal shock the loss of 
tendon reflexes and flaccid muscle tone is associated with a low per- 
sistence of F-waves and loss of flexor reflexes while H-reflexes are 
well elicitable. When clinical signs of spasticity become established, 
the electrophysiological parameters show little change. The diver- 
gent course of clinical signs of spasticity in their possible neuronal 
correlates indicate the occurrence of non-neuronal changes con- 
tributing to spasticity. - When signs of spinal shock had disappeared 
in patients with incomplete and complete paraplegia a locomotor 
pattern can be induced and trained under conditions of body 
unlaoding using a moving treadmill. In complete and incomplete 
paraplegic patients an increase of gastrocnemius electromyographic 
activity occurs during the stance phase of a step cycle with a daily 
locomotor training, coincident with a significant decrease of body 
unloading. In contrast to this, neither clinical nor electrophysio- 
logical examination scores improve. The locomotor pattern depends 
on the level of lesion: the higher the level of spinal cord lesion the 
more ‘normal’ is the locomotor pattern. This suggests that neuronal 
circuits underlying ‘locomotor pattern generation’ in man is not 
restricted to any specific level of the spinal cord, but extends from 
thoraco-lumbal to cervical levels. 

Keywords: Spinal cord injury; spinal shock; spasticity; locomotor 
training. 

Introduction 

The vertebrate CNS has a limited capacity for re- 
generation. Much of the research effort aimed at im- 
proving functional recovery after spinal cord injury is 
directed towards enhancing the limited ability of CNS 
neurones to restore damaged connections between the 
spinal cord and brain. After many SCI there is some 
preservation of anatomical continuity across the injury 
site, even in patients with minimal function below the 
lesion [1]. The problem then becomes one of max- 
imizing the functional contribution of the preserved 
pathways and if axonal regeneration also becomes 
possible of newly regenerated projections. 



After spinal cord injury, restoration of normal func- 
tion, such as locomotion, will depend to a certain ex- 
tent upon reorganization of existing spinal circuitry. 
This capacity for reoganization, generally referred to 
as plasticity, is a well-known property of the CNS, and 
is thought to underline many instances of functional 
recovery after injury, as well as learning and memory 
in the undamaged CNS. While plasticity has been well 
documented in many parts of the supraspinal CNS, the 
prevalent view of spinal cord function has been that it 
is relatively non-plastic and serves simply as a hard- 
wired relay for supraspinal commands. This view has 
been changing with the accumulation of physiological 
and behavioural evidence that adaptive processes can 
also occur within spinal circuits. The potential ability 
of the spinal cord to ‘learn’ has obvious implications 
for altering and improving locomotor function after 
injury. 

The neural mechanisms responsible for learning and 
adaptive processes are thought to involve changes 
both in the efficacy of synaptic function and the pat- 
tern of synaptic connections within neural circuits. In 
the uninjured CNS, these changes occur as a result 
of alteration in the amount of neural activity within 
circuits and are therefore termed activity-dependent. 
After CNS injury, there also appears to be reorgani- 
zation of spared neural circuits. The mechanisms un- 
derlying this injury-induced plasticity are not under- 
stood fully, although it is possible that some of these 
changes are also guided in an activity-dependent man- 
ner (for review see Muir and Steves [2]). 

Spinal cord injury can produce a number of signifi- 
cant changes in the anatomy and physiology of spinal 
cord neuronal circuitries. Sprouting of spared axons is 
perhaps the best studied anatomical change after in- 
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jury. In this instance, sprouting refers to the expansion 
of the terminal fields of undamaged axons when the 
terminals of injured axons degenerate. Although, there 
has been some controversy over the extent and con- 
ditions under which terminals sprouting takes place, 
results indicate that, caudal to a spinal hemisection 
in cats or monkeys, the central terminal projections of 
dorsal-root afferents can increase the density and ex- 
tent of their distribution [3, 4, 5]. 

From spinal shock to spasticity 

The clinical recovery from spinal shock is charac- 
terized by the re-appearance of tendon tap reflexes and 
of muscle tone. These clinical signs are reflected by a 
change in the excitability of neuronal correlates [6]. 

Clinical and neurophysiological background 

More than 100 years ago the term “spinal shock” 
was introduced to describe the clinical state in patients 
with acute spinal cord injury (SCI) presenting muscle 
paralysis with flaccid muscle tone and loss of tendon 
reflexes below the level of lesion [7]. Although com- 
plete loss of sensorimotor function persists, spinal 
shock ends after some weeks and during the fol- 
lowing months a “spastic syndrome” develops with 
exaggerated tendon reflexes, increased muscle tone 
and involuntary muscle spasms. The development of a 
spastic syndrome is a common finding in surgically or 
pathologically confirmed complete spinal cord tran- 
section [8], i.e. changes in the excitability of spinal cord 
neuronal circuits occur independently of supraspinal 
influences. 

In order to explain these changes several hypothesis 
were put forward based on clinical observations, neu- 
rophysiological recordings, intracellular studies and 
theoretical considerations. A change from hypoexcit- 
ability of alpha-motoneurons (alpha-MN) during spi- 
nal shock to hyperexcitability during spasticity was 
presumed [9]. According to this concept the alpha-MN 
hypoexcitability in spinal shock is due to an acute loss 
of supraspinal excitatory input resulting in a hyper- 
polarized alpha-MN [10]. Such a hyperpolarization of 
spinal MN was observed in spinalized cats [11]. 

In contrast to this, well elicitable H-reflexes were 
described in humans early after SCI [12, 13] contra- 
dicting a strong alpha-MN depression as single cause 
for the loss of tendon tap reflexes during spinal shock. 
The latter observation led to the concept of con- 



comitant gamma-motoneuron (gamma-MN) depres- 
sion [13]: While a mechanical tap does not elicit a ten- 
don tap reflex, electrical stimulation of group I afferent 
nerve fibers leads to a H-reflex response. 

Furthermore interneuron (IN) activity and excit- 
ability has an important influence on spinal neuronal 
activity. It is known that most of the supraspinal de- 
scending tracts impinge on spinal interneurons [14]. 
An interruption of these tracts will influence spinal IN 
function. However, up to now little is known about the 
changes in IN activity that occur during spinal shock 
and the transition to spasticity. 

Relationship between clinical and electrophysiological 
parameters 

In the study of Hiersemenzel and coworkers [6] 
clinical and electrophysiological parameters were sys- 
tematically assessed in patients after an acute SCI. 

The period of spinal shock was electrophysiologi- 
cally associated with a reduced excitability of alpha- 
MN reflected by a low persistence of F-waves, which is 
in line with previous studies [15, 16]. This observation 
may be related to the clinical signs found at this stage: 
the loss of tendon reflexes and muscle hypotonia. The 
neurophysiological basis of the reduced alpha-MN 
excitability may be due to the sudden loss of tonic 
input and/or trophic support from supraspinal to spi- 
nal neuronal centers. For instance, nor-adrenergic 
pathways were suggested to be responsible for the 
excitability level of alpha-motoneurons [17]. In view 
of other data on effects of serotonin (5-hydroxy- 
tryptamin; 5-HT) on spinal motoneurons, both 5-HT 
and other descending pathways might be involved as 
well (for review see [18]). 

The results of the electrophysiological measure- 
ments in humans fit well with the data obtained in an- 
imal cellular recordings which show hyperpolarization 
of resting membrane potential [11, 19]. In the light of 
the close interaction between MN and muscle [20] the 
initial reduction of M-wave amplitude (described also 
in [13]) might be seen as a consequence of the changed 
MN behavior. 

In contrast to the neuronal depression reported 
above, H-reflexes could be elicited already at an early 
stage after SCI, which is in accordance with earlier re- 
ports [9, 13] The discrepancy between preserved H- 
reflex and the loss of tendon reflexes as a typical clini- 
cal sign might at least partially be due to a reduced 
activity of gamma-MN. However, one has to keep in 
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mind that the level of fusimotor drive is not the only 
factor affecting muscle spindle responsiveness [21]. 

Nevertheless, the early excitability of the H-reflex 
does not fit well with the assumption of an overall de- 
pression of neuronal activity including all motoneu- 
rons as a common final pathway of spinal neuronal 
activity. Several mechanisms could account for this 
discrepancy: First, the present observations are in line 
with the view described earlier for chronic paraple- 
gic patients that presynaptic inhibition of group Ia- 
afferents is, at least partially, removed after SCI [22, 
23]. Previous studies have shown a supraspinal influ- 
ence on presynaptic inhibition of Ia-afferents [24]. The 
decrease in presynaptic inhibition may compensate for 
the decreased excitability of alpha-MN. Consequently, 
early after SCI up to the spastic state a maximal H- 
reflex may be obtained which overrides the decreased 
excitability of alpha-MN assessed by F-waves. Sec- 
ond, one has to keep in mind that F-waves are caused 
by backfiring of only about 1% of motoneurons [25] 
and that H-reflex and F-wave were not investigated in 
the same muscle. Therefore H-reflexes and F-waves 
may reflect the excitation of different populations of 
alpha-MN, which only partially overlap with the con- 
sequence that the excitability of the H-reflex does not 
parallel the persistence of the F-wave. 

While H-reflex was present early and F-wave per- 
sistence was low (but usually F-waves could be re- 
corded), there was a loss of flexor reflex activity in the 
TA early after SCI. The latter observation indicates a 
suppression of IN activity mediating this polysynaptic 
reflex (for review see [26]). However, we are aware that 
comparisons between the three types of responses have 
to be made with caution as they were obtained (for 
physiological reasons) from different leg muscles. 

The recovery from spinal shock is reflected by an in- 
crease in the excitability of tendon tap reflexes and 
in muscle tone (assessed by the Ashworth scale) as well 
as more frequently occurring muscle spasms (assessed 
by the Penn spasm frequency scale). These clinical 
changes were associated in the electrophysiological 
recordings by an increase of F-wave persistence and 
flexor reflex activity [6]. There was only a minor 
change in H-reflex excitability during this time period. 
It may be suggested that the increase in tendon tap re- 
flex excitability is at least partially due to a recovery of 
alpha-MN and probably also of gamma-MN function 
mediating this reflex. 

The increase in flexor reflex activity should not 
only be due to a recovery of alpha-MN excitability, 



but also to the function of spinal interneuronal circuits 
(see spinal shock). The fact that the flexor reflex is 
more difficult to elicit in healthy subjects than in para-/ 
tetraplegic patients [27] indicates an increased excit- 
ability of intemeuronal circuits some weeks after SCI. 
The pathway underlying the flexor reflex is a poly- 
synaptic spinal one and allows the integration of inputs 
from muscles, joints and cutaneous afferents on com- 
mon interneurons (for review see [18]). 

The changes in flexor reflex excitability may at least 
partly be reflected in the appearance of muscle spasms. 
The increase in muscle tone may be due to a more 
general recovery of spinal neuronal (alpha-MN and 
IN) activity. Nevertheless, for both clinical parameters 
reflecting recovery from spinal shock (Penn spasm 
frequency and Ashworth scale) it cannot be ruled out, 
that other factors than the neuronal activity recorded 
here, as well as changes of muscle biomechanics, con- 
tribute to the development of spasticity. 

Clinically, the development of the spastic syndrome 
is characterized by exaggerated muscle tendon tap re- 
flexes, increased muscle tone and involuntary muscle 
contractions. The onset of spastic signs is difficult to 
determine because there is a smooth transition to a 
clearly established spasticity. 

During this stage, both M-wave and flexor reflex 
amplitudes remained about stable in tetraplegic or de- 
creased in amplitude in paraplegic patients, i.e. devel- 
oped even opposite to the clinical signs [6]. The slight 
increase of H/M-ratio, which is in line with an earlier 
study [22], might contribute to exaggerated tendon 
tap reflexes. However, this increase which was thought 
to be well correlated with the spastic state (for re- 
view [28]) must be considered cautiously: 1. The high 
H/M-ratio can express rather a decrease of M-wave (as 
found here) than an increase in reflex excitability. 2. 
Short latency reflex hyperexcitability was shown to be 
little related to spastic muscle tone [29]. 

On the basis of the observations made in the study 
of Hiersemenzel et al. [6] clinical signs of increasing 
spasticity, such as muscle tone and spasms, can hardly 
be related to the electrophysiological recordings. Sec- 
ondary changes of motor units might contribute to the 
syndrome of spasticity, especially in respect to muscle 
tone and spasms. 

Several studies claim that “peripheral changes” (e.g. 
chronic transformation of muscle in spasticity) con- 
tribute to the increased muscle tone [30, 31]. A de- 
crease of M-wave in patients with a SCI [32] or those 
with a cerebral lesion [23] indicates an affection of spi- 
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nal MN in the case of a disconnection from supra- 
spinal input. Furthermore, signs of denervation are 
described to occur during the first 2 months after SCI 
[33]. It became obvious during the last years that fol- 
lowing a central motor lesion changes in mechanical 
muscle fiber properties occur starting early after a le- 
sion with the consequence of a significant contribution 
to muscle tone in the active (for review see [34]) and 
passive muscles ([35], for review see [29]). 

Locomotor activity in spinal man 

Evidence for a spinal locomotor pattern 

Although there is strong evidence for a spinal loco- 
motor generator in many mammals (for review see 
[36]), its existence has, until recently, been questioned 
in man [37]. Evidence for the human spinal pattern 
generator was suggested by spontaneously occurring 
step-like movements [38] and myoclonus [39] as well 
as from late flexion reflexes [40] and from locomotor 
movements induced on a treadmill with body support 
in paraplegic patients (for review see [36]). Recent 
studies showed that a locomotor pattern can be in- 
duced in complete paraplegic patients when leg move- 
ments were assisted from externally [41]. Nevertheless, 
the amplitude of leg muscle EMG activity in these pa- 
tients was small compared to healthy subjects, (most 
probably due to the loss of noradrenergic influences 
from brainstem centres) such that no leg movements 
resulted from this leg muscle activation. 

A recent study [42] has demonstrated that a loco- 
motor pattern can only be induced some weeks after 
SCI, when spinal reflexes re-appear. The question, 
therefore, was to what degree the EMG pattern re- 
corded may be due to the activity of spinal stretch re- 
flexes as suggested elsewhere [43]. Correlation studies 
between leg muscle EMG activity and the lengthening 
and shortening phases of respective leg muscles (tibia- 
lis anterior and gastrocnemius) showed that leg muscle 
EMG activity is equally distributed during the length- 
ening and shortening phases of the respective leg mus- 
cles (tibialis anterior (TA) and gastrocnemius (GM)). 
For the GM it was taken into account, that this is a 
biarticulate muscle. In both the healthy subject and the 
paraplegic patient there was a near equal distribution 
of EMG activity during muscle stretch of these mus- 
cles in the stance and swing phases, respectively. An 
about equal distribution of EMG-activity was also 
found in all other patients. 



The earliest time that spinal locomotor activity 
could be induced was when signs of spinal shock had 
disappeared. This activity was distinct from spinal 
stretch reflex activity. In complete paraplegic patients 
the locomotor pattern improved spontaneously with- 
out training [42]. This was coincident with both an 
increase of gastrocnemius electromyographic activity 
during the stance phase of gait and a decrease of body 
unloading. These effects reached a plateau after about 
5 weeks. 

Localization of the central pattern generator 

In patients even with severe or complete paraplegia, 
coordinated leg muscle activation underlying step- 
ping movements can be induced by partial body 
weight support concomitant with standing on a mov- 
ing treadmill [41, 44, 45, 46, 47]. It remained unclear to 
what extent the level of lesion can influence the loco- 
motor pattern and which part(s) of the spinal cord 
need to be preserved for locomotor pattern generation. 
From experiments in the cat there is evidence that the 
neuronal centres involved in locomotion are wide- 
spread within the spinal cord and the brainstem [17, 
48]. However, this may be different in bipedal loco- 
motion of human beings where the lumbosacral spinal 
cord contains the motoneurons supplying leg muscles. 

The question remains which part of the spinal cord 
is responsible for or is involved in the generaton of 
the locomotor pattern. To answer this question, the 
locomotor pattern was analyzed in complete para-/ 
tetraplegic patients with various levels of spinal cord 
lesion [49]. 

It was found that the locomotor neuronal circuits 
are not discrete, but that an intricate neuronal network 
of interconnected nerve cells up to at least cervical 
levels contributes to generation of increasingly com- 
plex human locomotor patterns. It cannot be decided 
from these observations in how far a widespread 
network as a whole generates the locomotor pattern 
or, alternatively, whether neuronal circuits within the 
lumbosacral spinal cord operate more effectively to 
induce locomotion when neurons in more rostral seg- 
ments regulate their activity. Furthermore, in patients 
with a low spinal lesion a loss of trunk afferent input 
could lead to a reduced EMG amplitude. 

Conclusions 

Based on animal experiments recent investigations 
have shown that the isolated human spinal cord con- 
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tains neuronal centres, which are able to generate 
complex movements. Nevertheless, the activation of 
these centres, with the aim to improve mobility of 
paraplegic patients, is still limited. 

1. After an acute spinal cord injury (SCI) basic 
changes in the spinal neuronal activity takes place, 
which at part are associated with alterations of 
signs assessed by the clinical examination. The 
changes seen in the clinical signs from spinal shock 
to spasticity were shown to be only partially re- 
flected by the neuronal correlates assessed by elec- 
trophysiological recordings, for example, when 
increased muscle tone becomes established and 
muscle spasms appear. The divergent course of 
clinical signs of spasticity and the probable neu- 
ronal correlates indicate the occurrence of non- 
neuronal changes contributing to spasticity. How- 
ever, one has to be aware that at present we are 
able to evaluate only a part of the spinal neuronal 
activity. 

2. Based on observations of the locomotor capacity 
of the spinal cat, recent studies have indicated that 
spinal locomotor centres can be activated and be 
trained in patients with complete or incomplete 
paraplegia, when the body is partially unloaded. 
The level of electromyographic activity (EMG) in 
the leg extensor muscles, however, is considerably 
lower in patients with central motor lesions than 
in person without neurological impairment. During 
the course of a locomotor training programme the 
amplitude of the EMG increases associated with 
an improvement of locomotor function in the pa- 
tients. Only incomplete paraplegic patients profit 
from this training for their locomotor ability. Fur- 
thermore, there are also unspecific training effects 
on muscles and ligaments. 

3. In complete para-/tetraplegic patients the level of 
lesion determines the locomotor activity in spinal 
man. The higher the level of spinal cord lesion the 
more “normal” is the locomotor pattern. This sug- 
gests that neuronal circuits underlying locomotor 
pattern generation extend form thoraco-lumbal to 
cervical levels. This observation may have impor- 
tant therapeutic implications in the future when it 
might become possible to induce some regeneration 
of spinal tract fibres. 

4. In complete or almost complete paraplegic pa- 
tients who at present do not yet profit from a lo- 
comotor training might profit in the near future 



from experimental therapies that facilitate regen- 
eration of adult CNS axons. Potential therapeutic 
inverventions include growth promoting factors, 
such as bridging transplants and neutralisation of 
myelin-associated factors that inhibit axonal out- 
growth. 
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Lessons from epidemiologic studies in clinical trials of traumatic brain injury 
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Summary 

Lessions from epidemiological studies 

The Clinical Trial Group for Neurosurgery of the University of 
California San Diego (UCSD) is involved in epidemiological studies 
and trials of new pharmacological agents in traumatic brain injury. 

A great number (> 10,000) of patients has been prospectively ana- 
lyzed forming an integrated database for further purposes. The de- 
velopment of these databases is based on earlier work by the Euro- 
pean Neurosurgeons Jennett and Braakmann and the US-Traumatic 
Coma Data Bank Study. These studies allowed for the development 
of sophisticated data collection instruments which were used in the 
international Tirilizad Trials which enrolled over 1,100 patients. A 
major observation from that trial was that pretreatment hypotension 
or hypoxia could be unbalanced even in a large two arm blinded 
study. Another issue of the tirilazad trial was the influence of gender 
affecting not only outcome but also drug metabolism. 

Similar experiences were gathered with the phase-III trial on the 
competitive NMDA-receptor antagonist selfotel, which interferes 
with the excitotoxic amino acid glutamate as mediator of sec- 
ondary brain damage, as ischemia-induced neuronal degeneration. 
Unfortunately, the trial, already underway, had to be prematurely 
aborted, since concurrent stroke studies with enrollment of non- 
intubated patients on low-dose selfotel revealed an increased number 
of deaths and other adverse events. A retrospective analysis did not 
confirm that Selfotel was associated with an increased mortality in 
TBI, but there was also no evidence that the drug was efficacious. A 
problem here was that a major portion of patients did not have in- 
tracranial mass lesions (contusion, subdural haematoma) on CT, 
questioning whether these had a treatment responsive brain injury. 

Both studies on tirilazad or selfotel underscore the significance 
of well designed and conducted phase-I and -II trials to characterize 
the pharmacokinetics of the agent, to confirm availability of drug in 
the brain, and to identify a sufficient number of patients with lesions 
responding to the drug. A major issue is the blood-brain barrier 
permeability of the agent under study. Further, the phenomenon of 
secondary deterioration - neurological worsening - turned out as a 
powerful predictor of poor outcome. The findings and conclusions of 
both clinical trials (tirilazad, selfotel) were utilized for a subsequent 
patient study on CPI 01 -606 in consultation with the Pfizer company, 
the US Brain Injury Consortium, and the San Diego Clinical Trial 
Group. The patient population was a priori selected towards re- 
sponsiveness of the brain lesions to the treatment. The major con- 
clusions are 

I Development of therapeutic regimens targeted towards the 
mechanisms of brain injury 



II Availability of adequate preclinical data 

III Directing treatment towards an appropriate patient population 

IV Central gathering and interpretation of the neuroradiological 
findings 

V Monitoring of trial center performance 

VI Stratification and pre-trial prognostic analysis for identification 
of subgroups 

Keywords: Traumatic brain injury; clinical drugtrial; tirilazad; 
selfotel; CPI 01 -606; neurological worsening; brain lesion re- 
sponsiveness. 



Introduction 

The Clinical Trials Group in Neurosurgery at the 
University of California at San Diego (UCSD) has 
been engaged both in epidemiologic studies and in 
efficacy trials of new pharmacologic therapies for 
brain injury over the past 20 years. More than 10,000 
patients have been systematically and prospectively 
studied, permitting the creation of a very large in- 
tegrated database which not only allows studies of the 
epidemiology of head injury and potential pharmaco- 
logical efficacy, but has also enabled us to explore ad- 
ditional views, such as how changes in other types of 
treatment other than drug therapy have or may influ- 
ence outcome. 

The Traumatic Coma Data Bank (TCDB) served as 
the first model for very detailed data collection in pa- 
tients with severe head injury and represented a major 
effort to utilize computerized data banking techniques 
to study trends in severe head injury [1]. The Trau- 
matic Coma Data Bank clearly benefitted from the 
pioneering multinational studies of outcome led by 
Jennett and Braakman, which primarily focused on 
the prediction of outcome in patients with severe head 
injury [2]. The TCDB has reported a number of im- 
portant observations which are listed in Table 1. The 
TCDB provided the first detailed analysis of the inter- 
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Table 1 . Accomplishments and observations of TCDB 

First application of computerized analytical techniques to detailed 
head injury data 

First attempt to temporally relate extracranial events to 
intracranial events 

First clear delineation of relationship of shock to ICP and brain 
swelling and to outcome 

First detailed analysis of traumatic subarachnoid hemorrhage and 
its influence on outcome [28] 

First detailed study of the role of extracranial injuries in 
determining outcome 

First descriptions of patterns of recovery from severe injury 

First hint of aberrant regeneration 

First demonstration of unacceptable risk in intraventricular 
monitoring in patients with basilar fractures 

Development of a new CT classification of head injury 

Trimodal outcome based on age in head injury 

Determination of the effects of managing intracranial hypertension 
in patients with diffuse brain swelling 



action of extracranial injuries, hypotension and out- 
come, and provided a new CT classification of head 
injury, to name two significant accomplishments [3, 4, 
5]. The TCDB also emphasized the influence of trau- 
matic subarachnoid hemorrhage on outcome, follow- 
ing the pioneering work of Wilkins [6, 7], and began to 
explore the relationship between treatment for varying 
patterns of brain injury as well as patterns of recovery 
from severe head injury. Advances in computer tech- 
nology and the widespread availability of more pow- 
erful personal computers allowed subsequent studies 
to collect even more focused data and to carry out 
more complex and elegant analyses to characterize 
a variety of interrelationships the TCDB could not 
consider. 

Analysis of such a comprehensive set of data points 
permits development of research hypotheses, which 
can be initially tested in one data subset and sub- 
sequently validated or refuted in another. During the 
past several years, with the assistance of colleagues 
from around the world, our group has attempted to 
systematically generate a number of such hypotheses 
about treatment as well as about methods to improve 
data collection. We have also sought to identify new 
criteria of efficacy for clinical trials, including iden- 
tifying and validating new endpoints for measuring 
outcome, with the objective of shortening clinical tri- 
als. Moreover, in some cases appropriately combining 
separate data sets may enable certain conclusions to be 
drawn, which would otherwise remain hidden within a 
smaller data set. While this may serve as a potentially 
powerful research strategy, there are substantial limi- 



tations which must be understood when combining 
separately collected data sets. 

The tirilazad trial 

Tirilazad is an inhibitor of free-radical mediated 
lipid peroxidation [8]. During Phase I and Phase II 
trials, it was shown to have a good safety profile and to 
be effective with experimental models of head injury 
even in the presence of hypoxia. In 1991, the Clinical 
Trials Group in Neurosurgery at UCSD began man- 
aging an international prospective multicenter trial to 
study tirilazad’ s efficacy in moderate and severe head 
injury. The European/Australian trial included centers 
with considerable experience in managing severe head 
injury, in clinical research and in protocol compliance. 
This trial included 957 patients with severe head injury 
and 163 with moderate head injury; a significant effect 
in the full population was not demonstrated, though a 
significant effect in males with traumatic SAH was 
noted [9]. Unfortunately, a parallel North American 
study was terminated before full enrollment was at- 
tained because of higher mortality in the treatment 
group, though this increase was not significant when 6- 
month outcomes were analyzed [10]. 

Experience from the TCDB had led trial designers 
to insist on centralized interpretation of CT scans, 
which proved extremely valuable in subsequent out- 
come analysis. Still, the North American tirilazad trial 
was retrospectively found to be plagued with im- 
balances in several prognostic entry criteria, including 
motor scores, pretreatment CT classification and fre- 
quency of bilaterally unreactive pupils. Additionally, 
patients with pretreatment hypotension given placebo 
had an unexpectedly good outcome, further confound- 
ing results [11]. Despite a large sample size and block 
randomization in the European trial, the frequencies 
of pretreatment hypotension, hypoxia and epidural 
hematoma favored outcome in patients treated with 
placebo [4]. After termination of the Tirilazad trials it 
was recognized that the agent apparently did not cross 
the blood-brain barrier in high enough concentrations 
in the severely head injured [11]. 

The tirilazad trials also underscored the importance 
of gender in affecting overall outcome from brain in- 
jury and in affecting drug metabolism. The studies 
of tirilazad in aneurysmal SAH initially demonstrated 
a substantial difference in outcome based on gender, 
with males faring substantially better than females 
[12]. A similar and significant difference in outcome 
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Table 2. Lessons from the tirilazad trials 

1 . ) Avoid collection of non-essential data. 

2. ) Gender differences may be very important in overall outcome 

from brain injury and in determining efficacy. 

3. ) New classification for traumatic subarachnoid hemorrhage 

(tSAH) and recognition that tSAH is frequent, complex and 
important in determining outcome. 

4. ) Strict monitoring of trial centers is essential in pharmacologic 

trials. 

5. ) Centralized interpretation of neurological assists in 

standardizing therapy. 

6. ) TCDB CT classification of brain damage can reliably predict 

outcome. 

7. ) Heterogeneity of head injury populations requires a clear focus 

in clinical trials. 

8. ) Muscle relaxants do not influence outcome. 

9. ) Likelihood of attaining adequate brain tissue levels of drugs in 

man must be determined before human trials begin. 



between men and women in the tirilazad head injury 
trials was also identified, particularly in women who 
had also suffered traumatic SAH [2]. In retrospect, 
unbalanced randomization of traumatic SAH may 
have acted as an additional confounding factor in the 
tirilazad trials. It was also retrospectively discovered 
that women had lower plasma levels of tirilazad, 
sometimes below the therapeutic range [13], and that 
metabolism of tirilazad was increased by phenytoin 
[14]. This is of concern because seizure prophylaxis is 
common in head injury management in the United 
States. That women with traumatic SAH had poorer 
outcomes may have been partly due to the later recog- 
nized more rapid metabolism of the drug in females. 
The fact that tirilazad was shown to have significant 
efficacy in men with traumatic SAH may indicate that 
therapeutic concentrations were achieved in appropri- 
ate compartments including the microvascular bed 
and cerebrospinal fluid as a consequence of the trau- 
matic SAH [11]. Table 2 summarizes lessons learned 
from the tirilazad trials. 

Observations from the tirilazad database did enable 
validation of the traumatic SAH classification devel- 
oped by Morris in San Diego. Figure 1 describes the 
classification system and Fig. 2 demonstrates the in- 
fluence of traumatic SAH on outcome in the tirilazad 
trials. 

The selfotel trial 

The competitive NMDA receptor antagonist self- 
otel was tested in two multicenter Phase III trials of 
patients with severe head injury [15] after investigators 



Grade: 


CT Scan Findings 


Grade 0 


No evidence of traumatic subarachnoid 
hemorrhage (tSAH) 


Grade 1 


tSAH present in only one location 


Grade 2 


tSAH present in one location with blood 
filling structure 
OR 

tSAH present in two locations without 
blood filling either structure 


Grade 3 


tSAH present in two locations, one of 
which includes tentorium filled with blood 


Grade 4 


tSAH present in three or more locations, 
any quantity 



Fig. 1. Proposed classification of traumatic subarachnoid hemor- 
rhage 



Grade: 


Mortality 


Favorable Outcome 


Grade 0 


13% 


78% 


Grade 1 


18% 


59% 


Grade 2 


25% 


51% 


Grade 3 


31% 


44% 


Grade 4 


44% 


29% 



Fig. 2. Proposed outcome predictability of traumatic subarachnoid 
hemorrhage 

reported that excessive concentrations of excitatory 
amino acids, especially glutamate, can lead to second- 
ary damage [16] and further that NMDA antago- 
nists can block ischemia-induced neuronal degenera- 
tion [17, 18]. Before full enrollment was attained, 
however, the trials were stopped due to concern over 
increased deaths and serious adverse events in two 
concurrent stroke trials involving unintubated patients 
receiving much lower doses [19]. Though the head in- 
jury data did not show an increased frequency of seri- 
ous adverse events, the data accumulated by the time 
the trials were terminated were not promising that 
efficacy would be demonstrated. Subsequent studies 
revealed that up to 40 percent of patients enrolled in 
these trials had no intracranial mass lesions, including 
focal contusions and acute subdural hematomas, and 
therefore constituted groups with a low likelihood of 
excess glutamate release as part of their pathophysiol- 
ogy [20]. Inclusion of such patients without CT evi- 
dence of brain damage in this trial and in clinical trials 
of the severe head injured in general is quite problem- 
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atic. First, very low mortality in patients without CT 
evidence of brain damage makes it almost impossible 
to demonstrate differences in rates of death between 
placebo and treatment groups. In addition, cognitive 
and behavioral assessment methods appear to be in- 
adequate to detect favorable or unfavorable influence 
of therapeutic intervention. 

The tirilazad and selfotel examples demonstrate the 
importance of Phase I and II studies in characterizing 
pharmocokinetics, demonstrating adequate target or- 
gan drug availability, and identifying an appropriate 
patient population whose pathophysiology matches 
the drug’s mechanism of action. Like tirilazad, selfotel 
was also found to have poor brain penetration; in head 
trauma, low cerebral blood flow would impair drug 
delivery to the brain even more [21]. Without adequate 
penetration, this competitive NMDA receptor antag- 
onist could not be expected to interfere with the bind- 
ing of endogenous glutamate to its receptor. 

An additional observation from the international 
selfotel trials was an apparent difference in care among 
centers in patients with traumatic intraparenchymal 
hemorrhages. In some institutions these patients un- 
derwent early evacuation of such hematomas even if 
they were of relatively small size, while in others sur- 
gery was almost never performed. This difference may 
well be meaningful in determining outcome because 
the preliminary analysis suggested that patients with 
lower GCS scores and larger hematomas fared better 
when operated on early than patients with smaller 
lesions and higher GCS scores were the lesion later 
“blossomed” and required emergent intervention. This 
is in keeping with our observations based on the same 
data that neurologic deterioration or neurologic wor- 
sening is an extremely powerful predictor of an adverse 
outcome. 

The selfotel trials benefited from being sequenced 
immediately after the tirilazad trials in that there was 
better agreement on CT scan interpretation between 
the central reader and the individual centers than 
was found in the tirilazad trials. Information collected 
during the selfotel trials was better focused and more 
specifically relevant than the broader data set collected 
during the tirilazad trials. Table 3 summarizes lessons 
learned from the selfotel trials. 

The Pfizer trial 

The CP 101-606 trial was designed through con- 
sultation between Pfizer, the American Brain Injury 



Table 3. Lessons from the selfotel trials 

1 . ) Patients without CT evidence of brain damage have outcomes 

too favorable to detect influences of therapy using present 
cognitive and behavioral methods. 

2. ) Adverse events in parallel trials of different diseases (i.e., stroke) 

should not influence initiation or continuation of head injury 
trials. 

3. ) Intercenter differences in care may influence outcome and are 

difficult to control. 

4. ) The purported mechanism of action of a drug needs to be taken 

into account in determining targeted populations. 

5. ) ICP is a much more powerful determinant of outcome than 

CPP. 

6. ) Muscle relaxants do no influence outcome. 

7. ) Likelihood of attaining adequate brain tissue levels of drugs in 

man must be determined before human trials begin. 



Table 4. Lessons from the Pfizer trial ( ongoing) 

1 . ) Difficulty in demonstrating therapeutic benefit in Diffuse Injury 

II population unless SAH or lesion > 5 cc present. 

2. ) Classification of traumatic SAH developed from Tirilazad 

database validated. 

3. ) Drug target appropriate and pharmacokinetics confirm 

appropriate tissue levels in man. 



Consortium and our group. Much effort was made to 
limit the cohort of patients to be studied in an attempt 
to improve the probability of detecting a treatment 
effect given past experience. In the selfotel trial, it had 
been observed that patients without CT evidence of 
significant brain damage had a mortality rate of ap- 
proximately 5% and a rate of favorable outcome over 
75%. Therefore, in the CP 101-606 trial, eligible pa- 
tients in the Diffuse Injury II CT category had evi- 
dence of a lesion at least 5 cc in size and/or SAH. 
Preliminary analysis of this trial which has now been 
completed demonstrates a mortality rate of approxi- 
mately 15% in this specific subgroup, potentially al- 
lowing for better detection of a treatment effect. 

This trial piloted the use of the extended Glasgow 
Outcome Scale, or EGOS, in attempt to sharpen the 
ability to detect differences in outcome which may 
have been missed by the use of a broader scale such as 
the GOS. By requiring more structured interview with 
regard to patient function in a variety of domains it is 
possible that a more clear differentiation between pla- 
cebo and treatment groups be detected, if there is a 
treatment effect. Table 4 summarizes lessons learned 
from the Pfizer Trial. 
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Lessons learned from head injury trials 

Analysis of outcome data in patients with moderate 
and severe brain injury has led to several important 
principles that should be considered when designing 
future trials so that any possible treatment effect will 
be demonstrated unequivocally. Future efforts should 
focus on: 

Developing therapeutic regimens targeted toward 
multiple mechanisms of injury 

Multiple mechanisms of brain damage at the cellu- 
lar level are clearly responsible for the complex nature 
of head injury. Single treatment allows for the possi- 
bility that the therapeutic mechanism being delivered 
may not adequately address the most critical aspect of 
patient pathophysiology. Therefore, single treatment 
is less likely to be efficacious for the total population 
than either drugs with multiple mechanisms of action 
or sequential therapy. This reasoning may partly ex- 
plain why the trials described above failed to show 
significantly improved outcomes in the total treatment 
groups. Single agents may be shown to be efficacious 
only in specific subgroups of head injured patients 
[22, 23]. Given the complexity of head injury, perhaps 
efforts should be better focused on characterizing the 
chronologic sequence of activation of various patho- 
physiologic mechanisms post injury. These may then 
serve as appropriate targets for drugs with matched 
mechanisms of action at various time points post in- 
jury. 

Performing adequate preclinical studies 

Agents must be adequately tested preclinically to 
determine key information before Phase III trials are 
initiated. Conclusions about dose-response curves, 
time window response curves, length of treatment, 
therapeutic range, target organ drug availability and 
drug metabolism must be accurately extrapolated 
from experimental models. 

Directing therapy to the appropriate patient population 

The head injured population to be studied should 
have a pattern of brain injury that is amenable to the 
mechanism of action of the proposed treatment. It is 
inappropriate for example, to use a drug that is an 
NMDA receptor antagonist with little or no change 



in glutamate concentrations in the population being 
studied. 

Centralized interpretation of neuroradiologic imaging 
studies 

Centralized readings of the CT scans is essential to 
ensure the inclusion and exclusion of patients within 
the trial. It also serves as a marker of the quality of 
treatment provided in each center for two reasons. 
First, in general poor CT interpretation at a site tends 
to be associated with failure to comply with the proto- 
col. The pattern of brain injury seen on CT clearly in- 
fluences treatment. Thus, it is essential that center per- 
formance be stringently controlled in such trials. 

Monitoring of trial centers performance by 
experienced monitors 

Good monitoring can limit the inherent variability 
in such trials even when protocols are strictly defined 
and enforced. 

Employing stratification and prognostic equations and 
making available to authorities pre-analyses 
identification of sub-groups 

Despite strict inclusion and exclusion criteria, the 
head injured patients included in clinical trials remain 
heterogeneous, especially with respect to their mecha- 
nisms of damage, pathophysiology and clinical condi- 
tion. Even with randomization and enrollment > 800, 
imbalances in the distribution of prognostic variables, 
including age, Glasgow Coma Scale scores, pupillary 
reactivity, CT classification and pretreatment hypo- 
tension or hypoxia, are still quite possible. Given the 
heterogeneity of head injured patients, clinical trials 
should classify baseline risk variables from the outset 
and stratify patients accordingly so that frequencies of 
baseline risk variables are similar between the treat- 
ment and placebo groups. Some argue that patients 
should also be randomized by the probability that they 
will achieve a certain recovery [24, 25, 26, 27]. Predic- 
tion of outcome soon after injury would identify pa- 
tients whose clinical condition plays a strong role 
in determining outcome as opposed to patients whose 
outcome is less certain - this latter “intermediate risk” 
group would enable investigators to obtain results 
more reflective of the therapeutic effect rather than 
a dominant prognostic effect. Prognostic equations 
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would also more accurately characterize risk distribu- 
tion between treatment groups and therefore help en- 
sure better comparability of groups rather than simply 
comparing frequencies of prognostic variables across 
groups. During the data analysis phase, multivariable 
analysis, including regression analysis, can adjust for 
imbalanced baseline characteristics and yield findings 
that apply to patients with a specific risk profile. 

Conclusion 

The creation of computer databases containing es- 
sential information about head injured patients and 
computer analysis of these large data sets has greatly 
facilitated hypothesis generation, enabled develop- 
ment of new methods to systematically classify the 
heterogeneous head injury population, and permitted 
recognition of how several key factors affect outcome. 
The experience we have gained conducting clinical tri- 
als has enabled our colleagues and us to draw a num- 
ber of significant conclusions about how to modify 
trial design so that efficacy can be properly assessed. In 
order to derive meaningful conclusions from a hetero- 
geneous population, several points must be consid- 
ered. Adequate preclinical studies must be performed 
before human trials begin. Therapy must be directed 
to an appropriate patient population. Neurological 
imaging studies should be centrally interpreted. Trial 
centers must be monitored to ensure protocol adher- 
ence. Stratification and prognostic equations, as well 
as early identification of subgroups, will result in more 
robust findings. It has become additionally apparent 
that although the primary impact in head injury re- 
mains the most significant determinant of outcome, 
several secondary biochemical factors interact to pro- 
duce varying patterns of recovery. It is unlikely that a 
pharmacologic treatment aimed simply at one neuro- 
chemical derangement that occurs in brain injury will 
be sufficient to improve the outcome of the millions of 
people worldwide who suffer brain injury each year. 
More promising are single therapies which have mul- 
tiple mechanisms of action or sequential therapies or- 
dered based on our present understanding of the path- 
ophysiology of this major public health problem. 
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Summary 

CRASH (Corticosteroid randomisation after significant head 
injury) is a prospective multi-centre randomised double blind study 
of methylprednisolone versus placebo in mild, moderate and severe 
head injury. Patients are eligible up to 8 hours from injury. To date 
the CRASH trial has recruited 9000 patients. The trial is recruiting 
from 200 hospitals in 50 countries with another 100 centres planning 
to join the trial. The target for recruitment is 20,000 patients by 2006. 
The trial is wholly funded by the Medical Research Council of Great 
Britain and is multidisciplinary, involving doctors and nurses from a 
range of specialities. A recent systematic review of corticosteroids in 
head injury demonstrated a risk of death in the corticosteroid treated 
group 2% lower than in the control group. The 95% confidence in- 
terval ranges from a 6% lower mortality to a 2% higher mortality. 
This result is compatible with there being no real benefit, but it is also 
compatible with there being a small benefit of a few percent. An im- 
provement in mortality of 2% would theoretically save 10,000 lives 
per 500,000 patients treated. The global impact of such a treatment 
effect would be significant as the number of head injuries world-wide 
continues to rise. 

Keywords: Randomised controlled trial; head injury; cortico- 
steroid. 

Introduction 

Head injury is the main contributor to trauma re- 
lated mortality. Overall mortality in trauma patients 
is about three times higher in patients with head in- 
jury compared to those without, with a reported mor- 
tality of 14-30 per 100,000 of the population per year. 
In developed countries approximately 100-300 per 
100,000 of the population are at risk of suffering a 
head injury per year with a slightly higher incidence in 
less developed countries. By the year 2020 it is esti- 
mated that motor vehicle accident related trauma will 
be the third highest global disease burden and the sec- 
ond in the developing world [9]. Other common causes 
of head injury worldwide are falls, alcohol intake and 
gunshot wounds. 



Head injuries can be classified by conscious level 
using the Glasgow coma scale (GCS) which has a 
lowest score of 3 corresponding to a deep coma to a 
highest of 15 which corresponds to a normal conscious 
level. Using the score obtained when the patient is first 
admitted to hospital, head injuries can be classified 
into mild (GCS 13-15), moderate [9-12] and severe 
[3-8] head injury. 

The outcome for all three types of head injury has 
been improved over the last 40 years due to improve- 
ments in pre-hospital care and trauma systems, the 
universal availability of computerised tomographic 
scanning (CT) and improvements in intensive care. 
Most of the interventions used in head injury do not 
have a strong evidence base and indeed a recent evi- 
dence based review of such interventions did not find 
class A evidence for benefit from any of the treatments 
used [4]. The use of corticosteroids in head injury re- 
mains quite common despite an absence of evidence 
for it’s efficacy. Steroids are used in 64% of US trauma 
centres [6], 49% of UK intensive care units [9] and in 
14% of neurosurgical intensive care units in the United 
Kingdom [5]. 

So far all the randomised trials of corticosteroids 
have been small: the largest included only a few hun- 
dred patients and even in aggregate they have involved 
only about 2000 patients. Combining all previous tri- 
als the risk of death in the corticosteroid treated group 
is approximately 2% lower than in the control group 
(Aggregate mortality 37% in corticosteroid group v 
39% in control group, odds ratio 0.91, 95% confidence 
interval 0.72-1.11). The 95% confidence interval runs 
from 6% lower to a 2% higher mortality [1]. The over- 
all result is compatible with there being no real benefit 
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but it is easily compatible with there being a small 
benefit of a few percent. However the existing trials are 
too small to demonstrate or refute either possibility. 
Even a modest reduction in mortality would represent 
a significant increase in lives saved. For instance a 2% 
reduction in mortality and a similar reduction in dis- 
ability would theoretically save 10,000 lives and pre- 
vent 10,000 disabilities per 500,000 patients treated. 
At the present time the use of steroids varies widely 
between clinicians, hospitals and countries. 

Experimental basis for the trial 

Laboratory studies of animal models of head injury 
and clinical studies in human spinal cord injury sup- 
port a possible benefit of corticosteroids in head injury. 

High dose methylprednisolone has been shown to 
reduce post-traumatic neuronal degeneration and im- 
prove outcome in animal head injury models. Hall 
demonstrated that 30 mg/kg of methylprednisolone 
enhanced neurological recovery in mice that were sub- 
jected to moderately severe brain injury when given 
five minutes post injury [8]. To date, there have been 
only two small randomised trials of high dose (30 mg/ 
kg) methylprednisolone in head injury [7, 11]. In both 
there was a non-significant reduction in the risk of 
death in the methylprednisolone treated group. How- 
ever, because the trials were small, the effectiveness of 
high dose methylprednisolone in the treatment of head 
injury remains uncertain (pooled risk difference 3% 
lower mortality, 95% confidence interval 14% lower to 
9% higher). 

Results from animal studies also suggest that early 
administration of corticosteroid is important for max- 
imal effect. Because axonal disruption after acute cen- 
tral nervous system trauma does not occur for several 
hours, there may be an early phase when neurolog- 
ical deficit is reversible [12]. Administration of corti- 
costeroids within 8 hours has also been shown to be 
important in acute spinal cord injury [2, 3]. However, 
the administration of corticosteroids in many of the 
existing trials in head injury may have been outside 
this window of opportunity. 

Corticosteroids in human spinal cord injury 

Evidence of benefit from corticosteroids in acute 
human spinal cord injury has renewed interest in their 
role in brain injury. The Second US National Acute 
Spinal Cord Injury Study (NASCIS 2) compared 24 



hours of methylprednisolone or naloxone with placebo 
in 333 patients with acute spinal cord injury [2]. At six 
months, patients receiving methylprednisolone within 
eight hours of injury had greater improvement in mo- 
tor function and sensation to pinprick and fine touch 
than in patients treated with placebo [2]. A subsequent 
trial (NASCIS 3) of methylprednisolone in acute spi- 
nal cord injury demonstrated slightly more neurologi- 
cal recovery in patients receiving corticosteroids for 
48 rather than 24 hours of treatment [3]. On the basis 
of these results high dose methylprednisolone is now 
widely used in the management of acute spinal cord 
injury. 

The CRASH trial 

The CRASH trial (Corticosteroid randomisation 
after significant head injury) is a large simple rand- 
omised trial of steroids in head injury [12]. The trial 
aims to recruit 20,000 patients to receive either me- 
thyprednisolone or placebo intravenously within 8 
hours of injury. Any patient older than 16 years with 
any reduction of conscious level as measured by the 
Glasgow coma score is eligible for randomisation 
(Fig 1. Protocol box). Outcome is measured using the 
Glasgow Outcome score at 14 days and six months 
using a simple questionnaire. The trial is fully sup- 
ported by the publicly funded British Medical Re- 
search Council and receives no funding from the 
pharmaceutical industry. A pharmaceutical com- 
pany, Pfizer is supplying the trial drugs, methyl- 
prednisolone or placebo free of charge. The start up 
phase of the trial begun in April 1999 and the trial was 
officially launched in December 2000. 1203 patients 
have been recruited from 66 centres in 20 countries 
with 250 centres planning to join the trial. It is now 
the largest randomised controlled trial of steroids in 
head injury and recruitment data show a satisfactory 
increase in recruitment rates and addition of new col- 
laborating centres world-wide. 

Issues of consent 

The eligibility for randomisation in the CRASH 
trial includes any reduction in conscious level. By def- 
inition therefore the patient is not able to make an in- 
formed decision about whether to enter the trial. Issues 
regarding consent depend on the laws of individual 
countries and must be approved by both national and 
local ethics committees. In England patients are ran- 
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Fig. 1. Inclusion of patients in the CRASH trial 



domised and treated as soon as possible after admis- 
sion. Relatives are informed as soon as possible and 
given an information leaflet and an opportunity to ask 
questions. They are asked if they have any objections 
to the trial continuing for the full 48 hours of steroid 
administration. In other countries informed consent 
from a relative has to be obtained prior to random- 
isation. Each collaborating centre must seek local 
guidance and approval for the method of consent used. 

More centres are required that routinely admit head 



injured patients and hospitals in any country are en- 
couraged to apply. The trail will run until 2005 and 
is powered to detect a potential positive benefit from 
steroids of 2%. 

Conclusion 

Review of the literature therefore demonstrates an 
absence of evidence for any benefit from corticosteroids 
in head injury but does not confirm a widely held an- 
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ecdotal view that there is evidence of no benefit [1]. 
This is an important distinction and underlies the 
ethical basis for this trial. A negative result from the 
trial would support the discontinuation of a potentially 
harmful treatment whereas a positive result would 
support the use of a beneficial treatment. Further in- 
formation on the CRASH trial can be found on the 
internet at www.crash.lshtm.ac.uk. 
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Summary 

Over the past decade many neuroprotective agents have been 
developed with the hope of being able to improve outcome in pa- 
tients with traumatic brain injury. Unfortunately, none of the phase 
III trials performed have convincingly demonstrated efficacy in the 
overall population. A common misconception is that consequently 
these agents are ineffective. Such has not been proven and some trials 
show evidence of efficacy in subgroups of the population studied. 
The negative results, as reported in the overall population, may in 
part be caused by specific aspects of the TBI population, as well as by 
aspects of clinical trial design and analysis. Clinical trials in TBI pose 
several complicated design issues. Methodological challenges relate 
particularly to heterogeneity of the population and to outcome as- 
sessment. Heterogeneity pertains both to the range of pathologies 
included in TBI, and to prognostic factors, each causing specific 
problems. Mechanistic and/or prognostic targeting, as well as possi- 
bilities for covariate adjustment, are suggested as possible solutions 
to deal with the problems of heterogeneity. 

The aim in most trials was to demonstrate a 10% absolute im- 
provement in favorable outcome in patients with head injury. This 
may be considered overoptimistic and unrealistic in relation to the 
heterogeneous patient population. Specific problems are further in- 
curred by the use of the dichotomized Glasgow Outcome Scale as 
primary outcome measure. Optimal statistical power may expected 
to be present when the point of dichotomization results in a 50 : 50 
distribution of outcome categories. It is proposed to differentiate the 
point of dichotomization according to prognostic risk profile, in or- 
der to maintain statistical power. 

Solutions described may be expected to enhance chances of dem- 
onstrating benefit of potentially effective neuroprotective agents in 
future studies. The complexity of problems occurring in clinical trial 
design and analysis in TBI is such that a strong and sustained multi- 
disciplinary input and effort is required from all experts involved in 
the field of neurotrauma. 

Keywords: Traumatic brain injury; clinical trials; outcome; prog- 
nosis; neuroprotection. 

Overview 

Traumatic brain injury (TBI) is a heterogeneous 
disease, encompassing a wide range of pathologies. 



The main components are axonal injury, ischemia, 
focal contusions with perifocal edema, intracranial 
hematomas and brain swelling, either due to edema 
or vascular engorgement. The primary injury initiates 
subsequent secondary events, which may conceptually 
be divided into two components: secondary damage 
and secondary insults. Secondary damage follows acti- 
vation of selfpropagating destructive biochemical and 
immunological processes. Systemic insults (e.g. hypo- 
tension, hypoxia) and intracranial insults (e.g. mass 
lesions, raised intracranial pressure) potentiate sec- 
ondary damage. The central concept that underlies 
evaluation of neuroprotective therapy in TBI is pre- 
vention and treatment of secondary damage [14]. The 
past decade has been characterized by great advances 
in our understanding of pathophysiologic processes, 
causing secondary brain damage [19, 24]. The in- 
creased understanding of the importance of such 
mechanisms has prompted the development of neuro- 
protective agents aimed at ameliorating such mecha- 
nisms. Neuroprotective agents may be classified into 
three categories: 

- agents inhibiting pathophysiologic processes, which 
in excess may lead to secondary brain damage; 

- agents stimulating protective pathways; 

- agents and therapies aimed at promoting regenera- 
tion. 

Phase III randomized clinical trials in the field of 
TBI have primarily concentrated on agents and thera- 
pies inhibiting pathophysiologic processes. Table 1 
provides an overview of the major phase III trials, 
conducted in the past 10 to 1 5 years. We note that most 




Table 1 . Overview of large phase III trials , conducted in head injury 
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trials showed no statistically significant effect of the 
treatment that was investigated. 

Mechanisms causing secondary brain damage are 
complex and interrelated. Uncertainty exists as to 
when and which pathological mechanisms are active in 
a specific patient and whether such mechanisms may 
initially be protective, but when present in excess, turn 
detrimental. It may therefore be presumed a very diffi- 
cult task to demonstrate efficacy of a therapy, targeted 
at one isolated pathophysiologic pathway in the over- 
all population of TBI. Indeed, none of the phase III 
trails have convincingly demonstrated efficacy in the 
overall study population (Table 1) [13]. The primary 
endpoint in these trials was the Glasgow Outcome 
Scale, dichotomized as unfavorable or favorable. In 
most trials the hypothesis was that a therapy or neu- 
roprotective agent investigated would increase the ab- 
solute proportion of patients with favorable outcome 
by at least 10%. Such an effect may not have been 
proven at this predetermined level, but conversely nei- 
ther has inefficacy been proven. An increase in favor- 
able outcome has been observed in many trials, albeit 
that these increases have not been statistically sig- 
nificant. For example, the HIT I trial on Nimodipine 
showed an 8% relative improvement [2] and the HIT II 
trial a 4% abolute improvement in favorable outcome 
in treated patients [7]. In the PEGSOD trial a 6% ab- 
solute improvement in the trichotomized GOS was 
noted [26]. In the Triamcinolone trial a 5% absolute 
increase in good recovery was observed in patients on 
active treatment [9]. The Bradycor trial showed a 12% 
absolute improvement in favorable outcome at six 
months (p = 0.26) [17]. 

In other trials a beneficial effect was noted in sub- 
groups, or in a more targeted population [7, 9, 11, 18]. 
In a combined analysis, we estimated an overall odds 
ratio of 0.90 as the pooled effect of neuroprotective 
agents, using a random effect meta-analysis method to 
incorporate between study heterogeneity [13]. This ef- 
fect is similar to the results of the meta-analysis on the 
results of all identified corticosteroid trials in head in- 
jury, both published and unpublished, concluding that 
a 2% absolute reduction in mortality is plausible [1]. 

It would appear that at least some trials show an 
indication of efficacy, either in the overall population 
or in subgroups. The lack of statistical significance in 
the overall population may be due to a combination of 
overly optimistic expectations and insensitive method- 
ology. The sad result is that further development of 
many of these drugs has been halted and that uncer- 



tainty remains concerning a more modest treatment 
benefit which could still be of great clinical relevance. 

Factors, which may have influenced the “negative” 
results of phase III trials in TBI 

Various factors have been proposed which may have 
contributed to the failure of head injury trials to dem- 
onstrate convincing efficacy in the overall population. 
These factors include uncertainty about validity and 
robustness of preclinical data and data from phase II 
trials, problems in translating results from the experi- 
mental studies to clinical practice, uncertainty whether 
the pathophysiologic mechanisms that are targeted are 
indeed active in individual patients, and if so at what 
time after injury, uncertainty about the therapeutic 
window and inadequacies in clinical trial design and 
analysis [4, 13, 14, 25]. Clinical trials conducted in TBI 
pose several complicated design issues. Methodologi- 
cal challenges relate particularly to the heterogeneity 
of the population and to outcome assessment. 

Heterogeneity in the TBI population 

The influence of heterogeneity is dependent on sam- 
ple size. A crucial factor in many older trials has been 
inadequate sample size. It has been argued that prob- 
lems due to heterogeneity may be obviated in large 
mega-trials [6]. However, in view of the complexity of 
trials in the field of TBI, uncertainty concerning risks 
involved in the use of new non-approved agents, and 
the cost involved, such mega-trials may not be consid- 
ered feasible. Moreover, mega-trials still suffer from 
some of the problems of heterogeneity, i.e. that an 
analysis of the unadjusted treatment effect may be 
considered biased [8] and inefficient [22]. Mechanistic 
and prognostic targeting, as well as covariate adjust- 
ment may be a satisfactory alternative to deal with the 
effects of heterogeneity. In mechanistic targeting the 
study should preferably be aimed at those patients in 
whom the pathophysiologic mechanism, targeted by 
the agent under investigation is active, or alternatively 
towards a population with a specific type of pathology, 
in which the mechanisms targeted preferentially occur 
(e.g. focal lesions). Effects of mechanistic targeting can 
be examined hypothetically in simulation studies, such 
as reported by Machado et al. [16] as uncertainty exists 
as to which pathophysiologic mechanisms occur in 
individual patients. It was shown that mechanistic 
targeting, benefiting patients with focal injuries, might 
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permit reduction in sample size by half, assuming that 
the pathophysiologic mechanism targeted is active in 
all patients. 

In prognostic targeting the trial is targeted to a 
population in which no strong prognostic effect is 
present, and consequently realistic chances exist for 
demonstrating potential efficacy, e.g. to patients with 
an intermediate prognosis. Prognostic targeting has 
seldom been applied to studies in the field of TBI. 
Braakman et al. [3] reporting on a megadose steroid 
trial showed that although on analysis of the six month 
outcome no difference was found between groups, in 
patients with an intermediate prognosis (e.g. proba- 
bility of survival between 0.3 and 0.9) an 8% reduction 
in mortality was noted in the steroid-treated patients. 
A prediction tree model was employed in the SNX-1 1 1 
trial to stratify patients on enrolment differentiating 
between a good and poor stratum. 

The effect of prognostic targeting on statistical 
power has been studied in unselected series of TBI [16], 
but not as yet in trial populations. In this study it was 
demonstrated that targeting therapy to patients with 
an intermediate prognosis was shown to allow a po- 
tential reduction of sample size by 30%. Benefits of 
mechanistic or prognostic targeting were more pro- 
nounced in modeling studies, including both severe 
and moderate patients and less pronounced thought 
still substantial when based on patients with severe in- 
juries. These studies were performed on the EBIC core 
data study, which is an unselected series. It is conceiv- 
able that the stricter selection of patients enrolled in 
clinical trials may reduce the advantages of prognostic 
targeting. 

The application of covariate adjustment in the 
context of randomized clinical trials is a topic of de- 
bate among biostatisticians and trialists. One might 
simply argue that randomization guarantees balance 
with respect to observed and unobserved covariates. 
Although this is on average true, imbalances in co- 
variates may well occur in relatively small studies. 
Moreover, small imbalances in important covariates 
may lead to substantial and undesired differences be- 
tween treatment groups. Other advantages include 
that the effect of treatment is estimated on a more 
individualized level [12] and that an increase in statis- 
tical power can be achieved [22]. Some methodological 
studies recommend the application of a predefined 
set of covariates for adjustment of treatment effect. 
Such procedures have been followed in trials in the 
cardiovascular area, for instance the GUSTO-III trial 



(n = 15,000), which had an adjusted analysis specified 
as the primary statistical analysis in the trial proto- 
col [10]. This approach is however uncommon in the 
analysis of clinical trials in general, as well as in TBI. 
The application of adjusted analysis in TBI trials mer- 
its further study, since considerable advantages may be 
achieved with respect to correction of imbalance, more 
individualized interpretation of a treatment effect, and 
higher statistical power [23]. 

Outcome assessment 

The primary endpoint in phase III trials in TBI has 
been the Glasgow Outcome Scale (GOS) evaluated 
after six months. A characteristic of the GOS is that 
it is an ordinal scale, but this possible advantage has 
not been fully exploited. To our knowledge an ordinal 
analysis has only been specified in the Eliprodil study, 
but the results of this trial have not been reported. The 
GOS has been criticized for being insensitive, espe- 
cially in patients with more favorable outcomes. This 
insensitivity may be one of the reasons for inability to 
detect a significant benefit in TBI trials. Insensitivity is 
further caused by the accepted practice of dichotomiz- 
ing the GOS to produce two groups: favorable out- 
come (moderate disability, good recovery) and unfa- 
vorable outcome (dead, vegetative, severe disability). 
Optimal statistical power would be expected to be 
present when the point of dichotomization results in 
a 50:50 distribution of outcome categories. The ex- 
pected distribution will change according to varying 
enrollment criteria between studies, and patients with 
different risk profiles may be identified within the 
population under investigation. Potentially the point 
of dichotomization could be differentiated according 
to the prognostic risk profile in order to maintain op- 
timal statistical power. When considering differentia- 
tion of dichotomy according to risk profile, “survival” 
may be an appropriate endpoint for patients at high 
risk of poor outcome. In contrast, “good recovery” 
may be an appropriate endpoint for patients at low 
risk. The applicability of such a “sliding dichotomy”, 
as first proposed for analysis in stroke studies, was ex- 
amined by us using the data from the Tirilazad trials. 
The analysis was performed in all patients included 
in the Tirilazad trials with complete data available 
to allow calculation of the prognostic score, and with 
six month GOS recorded. Table 2 shows the outcome 
distribution in relation to quartiles of baseline risk. 
This analysis indicates that the point of optimal di- 
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Table 2. Optimal dichotomization in relation to prognostic banding; arrows indicate optimal point of dichotomy 
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chotomization (e.g. 50 : 50 distribution) shifts substan- 
tially across prognostic groups. Preliminary analysis 
indicates a possible gain of 30% in statistical power in 
the use of such an approach. 

Alternatively, an ordinal analysis, exploiting the full 
GOS, may be considered. However, in a modeling 
study we could only demonstrate a theoretical benefit 
of such an approach. No increase in power was how- 
ever observed in the analysis of previously performed 
trials [13]. 

Conclusions 

Mechanistic and/or prognostic targeting, as well as 
covariate adjustment should be considered for dealing 
with effects of heterogeneity in TBI patients. Also the 
primary endpoint might be differentiated according to 
initial prognostic risk profile. The complexity of prob- 
lems occurring in clinical trial design and analysis is 
such that a strong and sustained input and effort is re- 
quired from all experts involved in the field of neuro- 
trauma. 
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Summary 

Treatment of patients suffering from severe head injury is so far 
restricted to general procedures, whereas specific pharmacological 
agents of neuroprotection including hypothermia have not been 
found to improve the outcome in clinical trials. Albeit effective, 
symptomatic measures of the preclinical rescue of patients (i.e. sta- 
bilization or reestablishment of the circulatory and respiratory sys- 
tem) or of the early clinical care (e.g. prompt diagnosis and treatment 
of an intracranial space occupying mass, maintenance of a com- 
petent circulatory and respiratory system, and others) by and large 
constitute the current treatment based on considerable organiza- 
tional and logistical efforts. These and other components of the head 
injury treatment are certainly worthwhile of a systematic analysis as 
to their efficacy or remaining deficiencies, respectively. Deficits could 
be associated with delays of providing preclinical rescue procedures 
(e.g. until intubation of the patient or administration of fluid). De- 
lays could also be associated in the hospital with the diagnostic es- 
tablishment of intracranial lesions requiring prompt neurosurgical 
intervention. 

By support of the Federal Ministry of Education and Research and 
under the auspices of the Forschungsverbund Neurotraumatology, 
University of Munich, a prospective system analysis was carried out 
on major aspects of the pre- and early clinical management at a 
population based level in patients with traumatic brain injury. Doc- 
umentation of pertinent data was made from August 1998 to July 
1999 covering a catchment area of Southern Bavaria (5.6 mio in- 
habitants). Altogether 528 cases identified to suffer from severe head 
injury (GCS < 8 or deteriorating to that level within 48 hrs) were 
enrolled following admission to the hospital and establishment of the 
diagnosis. Further, patients dying on the scene or during transport to 
the hospital were also documented, particularly as to the frequency 
of severe head injury as underlying cause of mortality. The analysis 
included also cases with additional peripheral trauma ( polytrauma ). 



* Supported by BMBF-Research Consortium Neurotrau- 
matology und Neuropsychological Rehabilitation Munich. 



The efficacy of the logistics and organization of the management was 
studied by documentation of prognosis-relevant time intervals, as for 
example until arrival of the rescue squad at the scene of an accident, 
until intubation and administration of fluid, or upon hospital ad- 
mission until establishment of the CT-diagnosis and commencement 
of surgery or transfer to the intensive care unit, respectively. 

The severity of cases studied in the present analysis is evident from 
a mortality of far above 40% of cases admitted to the hospital, which 
was increased by about 20% when including prehospital mortality. 
The outcome data notwithstanding, the emerging results demon- 
strate a high efficacy of the pre- and early clinical management, as 
indicated by a prompt arrival of the rescue squad at the scene, a 
competent prehospital and early clinical management and care, in- 
dicative of a low rate of avoidable complications. It is tentatively 
concluded on the basis of these findings that the patient prognosis 
is increasingly determined by the manifestations of primary brain 
damage vs. the development of secondary complications. 

The article is based on a publication in European Surgical Research, 
34, 2002. 



Introduction 

Severe head trauma including damage of the brain 
still is the most frequent cause of morbidity and mor- 
tality up to approximately 45 years. The most impor- 
tant sequelae of general trauma is severe head injury, 
which is determining the outcome of trauma victims, 
so far particularly affecting the male population of 
younger age. The financial burden are enormous of 
severe head injury aside from the personal tragedy and 
suffering. Losses involve not only the futile expenses 
for education and professional training but also that 
the future income of the victim is lost in addition to the 
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medical expenses including those for the lifelong care 
in patients with severe disability. 

In Germany, approximately 280,000 patients are 
annually admitted to hospitals with the diagnosis of 
brain injury , fortunately enough mostly of mild or 
moderate nature only. This notwithstanding ca. 5% 
of cases can be considered as severe according to the 
worldwide accepted definition of a neurological def- 
icit of <8 points of the Glasgow Coma Score for 6 to 
24 hours after trauma, or deterioration to that level 
within 48 hours. Based on the Federal Bureau of Sta- 
tistics, Wiesbaden, Germany, 7,705 patients were dy- 
ing in 1999 from severe head injury in the Federal Re- 
public of Germany ( ICD 10 diagnosis : (a) intracranial 
injuries, (b) skull fracture ), which may translate into a 
frequency of severe traumatic brain injury per year of 
12,630 [1]. From this figure, an incidence of 1,200 pa- 
tients with severe disabilities per annum can be ex- 
trapolated, which yearly is increasing the prevalence 
of severely disabled already surviving as dependants in 
specific care facilities or at home. 

The treatment of patients with traumatic brain in- 
jury encompasses a comprehensive package of mea- 
sures, not only consisting of the preclinical resuscita- 
tion and management, but also of the early clinical 
diagnostic procedures and treatment with all its lo- 
gistical and organizational support. Their effective 
administration requires great competence and skills, 
among others of the emergency physicians and pre- 
clinical rescue personnel at the scene, but also of the 
services providing clinical care. Further, a high level 
of organization and logistics of the preclinical rescue is 
necessary together with a dense availability of trauma 
centers with neurosurgical competence including in- 
tensive care facilities. Last but not least, head in- 
jury patients require sophisticated neuropsychological 
rehabilitation - a formidable challenge. 

Specific pharmacological agents affording neuro- 
protection to prevent the development of secondary 
brain damage have not been found so far to be effective 
in prospective clinical trials, notwithstanding that a 
variety of methods have a remarkable therapeutical 
potential under experimental conditions. The problem 
of why these agents and procedures, e.g. interfering 
with neuroexcitotoxic glutamate effects, formation of 
02-derived free radicals, and other mechanisms caus- 
ing secondary brain damage (i.e. an additional loss of 
brain parenchyma) has been extensively analysed [2]. 
It is hoped that conclusions and suggestions emerging 
from this and former metaanalyses eventually lead to 



solutions out of the present deadlock, providing novel 
design and concepts for future trials to more convinc- 
ingly elucidate, whether experimentally efficient meth- 
ods of neuroprotection are useful for the treatment 
of severe head injury patients. Until then, the currently 
available treatment and management armamentarium 
should continuously be subjected to a critical analysis 
as to its efficacy and remaining deficits. 

This, actually is the purpose of an elaborate System 
Analysis of the BMBF-Research Consortium Neuro- 
traumatology and Neuropsychological Rehabilitation 
supported by the Federal Ministry of Education and 
Research in Germany [3]. Details of this analysis in- 
clude documentation of the course of events, so to say 
from the time point of an accident together with the 
patients’ state, e.g. level of consciousness, visible in- 
juries, complications, as arterial hypotension or hypo- 
xia from aspiration, etc. In addition, rescue measures 
at the scene, as intubation, infusions, and others were 
protocoled. The present investigations were carried 
out on a population based level, representing a catch- 
ment area in Southern Bavaria of ca. 5.6 Mio in- 
habitants to collect epidemiologically valid data also 
with regard to the incidence of severe head injury and 
its outcome. 

In the course of these investigations it became obvi- 
ous that outcome findings published in the past quite 
often are influenced by the purpose of a given study, 
consequently the in- and exclusion criteria adjusted 
to the specific objectives of a given trial. With such a 
procedure a major number of patients may be elimi- 
nated and ignored, often those who are dying within 
24 hrs after the traumatic insult. Another point of the 
present investigation was to assess the frequency of 
severe head injury cases, dying prior to hospital admis- 
sion for which practically no information is made 
available by former investigations. Reliable data are 
missing also on the frequency of the severely disabled 
survivors, which often constitute a group of young 
male victims remaining dependent for the rest of their 
life in rehabilitation facilities or at home. Quantitative 
information on the annual incidence of this outcome, 
however, is important for the planning of necessary 
institutional capacities and, thereby, of interest for in- 
surance organizations. 

With regard to the assessment of the present man- 
agement quality, a major point was to gather infor- 
mation on the time-course of care with onset at the 
scene of an accident until arrival of the emergency 
squad, intubation and stabilization of the patient, 
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as e.g. recognizable from normalisation of the blood 
pressure, and others. Further, the time point of hospi- 
tal admission was of interest, the subsequent estab- 
lishment of the CT-diagnosis, and - last but not least - 
conclusion of acute care, as defined by the beginning of 
a neurosurgical operation or transfer to the intensive 
care unit. An important objective was also concerned 
with the remaining significance of secondary brain 
damage for the outcome of patients with severe head 
injury. 

As known, the prognosis in traumatic brain injury is 
largely determined by two factors (a) nature and sever- 
ity of the primary lesion of the brain produced at the 
moment of an insult and (b) the subsequent sequelae 
resulting in secondary damage of the brain - the addi- 
tional loss of brain parenchyma. The distinction is not 
of academic interest but clinically highly significant, 
as only the complications leading to secondary brain 
damage might be influenced by the management and 
treatment. This explains, why a better understanding 
of underlying mechanisms is so important, since a fur- 
ther reduction of the morbidity and mortality in severe 
head injury can only be expected from their more effi- 
cient prevention and treatment. This not only demon- 
strates the great significance of progress in the patient 
management and care at all levels, beginning at the 
scene of an accident to more effectively inhibit the de- 
velopment of avoidable complications , but also of the 
availability of neuroprotective measures and agents 
proving effective in clinical trials. 

In this context, it is quite clear that a severely head 
injured patient is at high risk, not only during the pre- 
clinical rescue period with usually less than optimal 
conditions of resuscitation and stabilization, but also 
during the early clinical phase as indicated by the fact 
that the mortality peak occurs at the first/ second 
day after trauma. Whereas it is easily understood that 
a multitude of complications, as aspiration, internal 
bleeding causing cardiovascular failure and other in- 
stabilities are liable to put the patient at risk during the 
prehospital rescue period , problems remain after the 
patient has been admitted to the hospital. Studies of 
avoidable complications in children succumbing from 
head injury in England have shown that dangerous 
events are taking place during the clinical care period 
approximately 2-3 times more frequently than during 
the preclinical rescue [4]. A prospective risk assessment 
was made under the coordination of the late J. D. 
Miller, Univ. Edinburgh/Scotland in severe head in- 
jured patients. Important physiological parameters, 
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as intracranial pressure , blood pressure, blood gases 
and others were densely monitored during an intra- 
hospital transfer of patients, from the intensive care 
unit to CT scanning, among others. Accordingly, in no 
less than 83% of these manoeuvres the patients’ ho- 
meostasis was severely impaired as concluded, for ex- 
ample from an increase of the intracranial pressure and 
arterial blood pressure , or a decrease of the systemic 
blood pressure together with arterial hypoxia [5]. This 
demonstrates that even under well controlled stable 
conditions in a maximal care hospital, complications - 
being avoidable or not - evolve which may support the 
development of secondary brain damage. 

Study objectives 

In view of the above considerations an in-depth 
analysis of the major components of the management 
and treatment of patients with head injury, beginning 
at the scene as soon as possible after a traumatic insult, 
and including the early clinical care phase appeared to 
be mandatory. For that purpose, a Study Group was 
established and coordinated by the University of Mu- 
nich with support by the BMBF-Research Consortium 
Neurotraumatology and Neuropsychological Rehabili- 
tation. Its mission was to systematically document and 
collect pertinent data to assess the efficacy of the pres- 
ent care system (i.e. management, logistics, organiza- 
tion, etc.). The analysis was carried out in collabora- 
tion with more than 30 hospitals in Munich and the 
other larger cities in the catchment area and orga- 
nizations, as the Red Cross , emergency services in- 
cluding the dispatch centers for rescue vehicles and 
helicopters, fire brigades , and - last but not least - the 
Department of Forensic Medicine , the Institute for 
Surgical Research , and Institute for Biometrics and 
Epidemiology of the University of Munich. 

For the population based investigations patients 
were recruited, if they were matching the following in- 
clusion criteria: neurological deficit of <8 points of the 
Glasgow Coma Scale at the site of an accident or dete- 
rioration to that level within 48 hrs. With regard to the 
geographical definition of the catchment area, patients 
suffering an insult within this area, but receiving treat- 
ment outside or, vice versa were excluded, as well as 
those without pathology in the CT scan, and finally 
children younger than two years. The Study Apparatus 
was organized as a network of the ten dispatch cen- 
ters in the catchment area, including four helicopter 
stations in: Munich, Ingolstadt, Kempten, Traunstein, 




122 



A. Wirth et al 



and forensic medical institutions in Munich, Kempten, 
Memmingen, Ingolstadt and Augsburg. 

Most important, documentation assistants (young 
physicians at the beginning of their medical train- 
ing) were hired and strategically distributed within the 
catchment area, i.e. in Munich, Augsburg, Ingolstadt, 
Mumau, Traunstein, Vogtareuth and Altotting. Each 
colleague was establishing a close communication net- 
work with approximately 5 to 10 regional hospitals by 
daily telephone interviews and frequent site visits from 
where newly admitted patients with head injury were 
reported. Thereby, a close follow-up of the patients’ 
course was afforded during the acute documentation 
period of the first 12 days after the accident. 

The documentation network was coordinated by the 
Study Center localized at the Institute for Surgical Re- 
search of the Klinikum of the University of Munich- 
GroBhadern. All relevant data and information was 
collected in a data bank. The Study Center was coor- 
dinated by biostatisticians, who not only were devising 
the software for the data bank and subsequent statisti- 
cal analysis, but also carrying out a daily back-up of 
the data flow, utilizing advanced biometrical proce- 
dures including for the assessment of risk factors for 
the outcome. 

Of all patients finally recruited for clinical docu- 
mentation, the majority were seen at the site of an ac- 
cident and transported by a ground based ambulance 
provided with an emergency physician. One third of 
all patients admitted to hospitals received emergency 
treatment at the scene by a helicopter rescue staff also 
including an emergency physician. The most frequent 
mechanism of injury were jumps and falls of victims 
>55 years old, followed by traffic accidents involving 
cars, pedestrians, bicycle- and motorcycle riders. In the 
group of cases dying at the scene prior to hospitaliza- 
tion, suicidal railway accidents and gun shot wounds 
were representing the most frequent causes of injury, 
followed by traffic accidents, jumps and falls. 

Arrival of the rescue squad with a physician at the 
scene was accomplished in the majority of cases within 
the legally required period after alarm. Rescue and re- 
suscitation for stabilization of the patient was carried 
out according to the “stay and play ” philosophy. All 
the potentially outcome-relevant time periods, e.g. 
until intubation of patients, admission to the hospital, 
establishment of the CT-diagnosis, or conclusion of 
acute care were documented in order to evaluate and 
assess the time-course of the preclinical- and early 
clinical management. Conclusion of acute care was 



identified as the time-point, when the patient was de- 
livered to the intensive care unit or to the operation 
theatre for surgery. As reference, the time of the first 
alarm of the dispatch center in a given case from the 
scene of an accident was taken, since the time of an 
accident proper almost always is unavailable. In the 
current study, about 20% of patients were secondarily 
admitted to the final care hospital providing neuro- 
surgery from a primary general trauma hospital. This 
was extending the period of acute care by approxi- 
mately 100%, a potentially important delay which was 
analysed as to its impact on the final outcome. 

During the preclinical rescue phase important com- 
plications were documented, as respiratory distress, 
apnea, tracheal aspiration, tachy- or bradycardia, oc- 
currence, severity, and duration of arterial hypoten- 
sion (systolic blood pressure < 80 mmHg). The latter 
is a major risk factor of poor outcome in severe head 
injury [6]. In addition, all pertinent measures of the 
preclinical management were protocoled, such as in- 
fusion of fluid, intubation, and ventilation with ad- 
ditional oxygen, analgo-sedation, and others. In this 
context, tracheal clearing, cardiac massage, defibrilla- 
tion, or thoracic draining may be mentioned in addi- 
tion. In patients with additional polytrauma with a 
higher risk of arterial hypotension, the effectivity of 
normalising arterial blood pressure was documented 
by repeated measurements of the systemic blood pres- 
sure at the scene immediately upon arrival of the 
emergency squad and continued until admission to the 
hospital. 

The outcome of the hospitalised patients was 
studied at 3, 6, or 12 months after the accident. The 
prognosis of severe head injury was assessed with and 
without the cases dying prior to hospital admission. 
Analysis of the outcome by inclusion of the prehospital 
mortality is reflecting more appropriately the overall 
fatality from severe head injury as compared to many 
clinical analyses reported in the literature. Quite often, 
these are limited to the outcome of hospitalised pa- 
tients sometimes even under exclusion of those dying 
within 24 hrs after trauma for a stratification of the 
patient population in drug trials. With inclusion of 
the prehospital fatalities, the overall mortality was in- 
creased by nearly 30% of the intrahospital mortality, 
with a correspondingly low fraction of cases with good 
outcome categories. 

In conclusion, documentation of the course of pa- 
tients with severe head injury was carried out for 
analysis of the management, care, and organization, 
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beginning at the scene of an accident and continuing 
with a dense protocol during the first 12 days at the 
hospital. Outcome of the patients was assessed by 
using the Glasgow-Outcome-Scale [7] at 3, 6, and 12 
months. Such an analysis has to the best of our 
knowledge not been performed so far on a prospective 
basis with documentation of the patients course uti- 
lizing a dense network for data gathering. By this 
approach it is expected that novel information is pro- 
vided on the persisting role of secondary brain damage 
for the outcome in severe head injury, and the remain- 
ing significance of avoidable complications. Since pa- 
tients dying prior to hospitalisation were subjected to 
autopsy at a high frequency, the contribution of severe 
head injury to the prehospital mortality for the first 
time could also be reliably analysed. The findings from 
the current analysis, particularly the assessment of 
prevailing risk factors provide a solid basis for con- 
siderations concerning potentially necessary improve- 
ments of the organization and management. A man- 
agement at its best possible level, however, is a major 
requirement for the successful conduct of clinical trials 
on novel neuroprotective agents, as the patient out- 
come must not be influenced by avoidable complica- 
tions leading to secondary brain damage. 
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Brain edema is a simple phenomenon - an 
abnormal increase of brain tissue volume by 
the increase of brain tissue water content. 
However the etiology is not simple and relating 
to a wide variety of neurological disorders 
including ischemia, trauma, tumor, hemorrhage 
and hydrocephalus. It is still a major cause of 
death in the neurological/neurosurgical ward. 

This volume is an up-to-date report on prog- 
ress in brain edema research, diagnosis and 
treatment, including papers presented at the 
12th International Symposium on Brain Edema 
and Brain Tissue Injury in 2002. Major topics 
include molecular biology and blood-brain 
barrier disorders, ischemic and traumatic brain 
edema, imaging and diagnosis of brain edema, 
treatment and radiation effect. Various papers 
in the rapidly growing fields of neuroimaging 
and molecular medicine are also included. 



R.-L. Bernays, H.-G. Imhof, 

Y. Yonekawa (eds.) 

Intraoperative Imaging 
in Neurosurgery 

MRI, CT, Ultrasound 

2003. VIII, 147 pages. Numerous figs., partly in colour. 
Hardcover EUR 96,95* 

Reduced price for subscribers to 
"Acta Neurochirurgica": EUR 87,-* 

ISBN 3-211-83835-X 
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In the continuous effort to further improve 
neurosurgery, intraoperative information on 
structure and function of the brain has become 
an important tool which potentially will result 
in an improved outcome of neurosurgical pro- 
cedures. 

In this book experts from different countries 
and neurosurgical organizations have collected 
information on the state-of-the-art of intraop- 
erative imaging, MRI, CT and ultrasound. Vari- 
ous contributions cover the future of neuro- 
imaging, the impact of intraoperative imaging 
on glioma surgery, technical and neurosurgical 
aspects of the different imaging modalities 
and systems, and economical aspects.The pre- 
sent book thus provides a unique and compre- 
hensive source of information on the complex 
of intraoperative imaging in modern neuro- 
surgery. 



SpringerWienNewYork 

P.O. Box 89, Sachsenplatz 4-6, 1201 Vienna, Austria, Fax +43.1.330 24 26, e-mail: books@springer.at, springer.at 
HaberstraSe 7, 69126 Heidelberg, Germany, Fax +49.6221.345-4229, e-mail: orders@springer.de, springeronline.com 
P.O. Box 2485, Secaucus, NJ 07096-2485, USA, Fax +1.201.348-4505, e-mail: orders@springer-ny.com 

Eastern Book Service, 3-13, Hongo 3-chome, Bunkyo-ku, Tokyo 113, Japan, Fax +81.3.38 18 08 64, e-mail: orders@svt-ebs.co.jp 
Prices are subject to change without notice. All errors and omissions excepted. 




SpringerMedicine 



Bernhard Sutter, 

Oskar Schrottner (eds.) 

Advances in Epilepsy Surgery 
and Radiosurgery 

2002. VII, 109 pages. 22 figures, partly in colour. 
Hardcover EUR 72,95* 

Reduced price for subscribers to 
"Acta Neurochirurgica": EUR 65,-* 

ISBN 3-211-83837-6 

Acta Neurochirurgica, Supplement 84 

Treatment in epilepsy has changed in the last 
couple of years due to modern drugs and 
surgery. This collection presents the state of 
the art in epilepsy surgery and future aspects 
in the treatment. 

The options of surgery and radiosurgery are 
shown together with their results. The topics 
are leading from Gamma Knife surgery to the 
options and results of common radiosurgical 
diagnosis for treatment with the Leksell Gamma 
Knife and the possibilities and results of the 
use of the latter. 



Yiicel Kanpolat (ed.) 

Research and Publishing 
in Neurosurgery 

2002. VIII, 135 pages. 20 figures. 

Hardcover EUR 84,95* 

Reduced price for subscribers to 
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ISBN 3-211-83821-X 
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"Research" and "Publishing" are phrases fami- 
liar to all neurosurgeons and neuroscientists. 
Many young neurosurgeons struggle with 
them on a trial-and-error basis at first, and 
there are not structured education programs 
providing information on standard methods. 

The European Association of Neurosurgical 
Societies Research Committee has developed 
a course on research and publication methods 
for residents in neurosurgery who have not yet 
completed training. 

This supplement includes selected contribu- 
tions from this course and will serve as an 
essential handbook providing basic tools to 
guide research and publication work, presen- 
ting time-saving advice, and resulting in the 
most beneficial contributions in experimental 
and clinical research. 



* All prices are recommended retail prices. Net-prices subject to local VAT. 



SpringerWienNewYork 

P.O. Box 89, Sachsenplatz 4-6, 1201 Vienna, Austria, Fax +43.1.330 24 26, e-mail: books@springer.at, springer.at 
HaberstraBe 1, 69126 Heidelberg, Germany, Fax +49.6221.345-4229, e-mail: orders@springer.de, springeronline.com 
P.O. Box 2485, Secaucus, NJ 07096-2485, USA, Fax +1.201.348-4505, e-mail: orders@springer-ny.com 

Eastern Book Service, 3-13, Hongo 3-chome, Bunkyo-ku, Tokyo 113, Japan, Fax +81.3.38 18 08 64, e-mail: orders@svt-ebs.co.jp 
Prices are subject to change without notice. All errors and omissions excepted. 




SpringerMedicine 



Y. Yonekawa, Y. Sakurai, 

E. Keller, T. Tsukahara (eds.) 

New Trends in Cerebral 
Aneurysm Management 

2002. VIII, 121 pages. 63 figures, partly in colour. 
Hardcover EUR 84,95* 

Reduced price for subscribers to 
"Acta Neurochirurgica": EUR 76,-* 

ISBN 3-211-83751-5 
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The management of cerebral aneurysms is still 
the subject of controversy in spite of recent 
dramatic advances in surgical techniques and 
neuro-intensive care. 

Currently, two main topics in this field have 
totally different aspects: 1. the management of 
unruptured cerebral aneurysms as a preventive 
medicine and 2. neurocrutical management of 
severe subarachnoid hemorrhage (SAH) after 
the rupture. These topics were discussed du- 
ring the Swiss-Japanese Joint Conference in 
Zurich, Switzerland, in May 2001. 

Selected papers from this meeting are included 
in this volume presenting new clinical experi- 
ences in order to find out updated and proper 
ways to focus the treatment and providing up- 
dated information on neurocritical care aspects 
as well as endovascular and surgical treatment 
modalities carried out in daily practice in 
Zurich and Japan. 



M. Czosnyka, J. D. Pickard, 

P. J. Kirkpatrick, P. Smieiewski, 

P. Hutchinson (eds.) 

Intracranial Pressure and 
Brain Biochemical Monitoring 

2002. XIII, 384 pages. 150 figures. 

Hardcover EUR 135,-* 

Reduced price for subscribers to 
"Acta Neurochirurgica": EUR 122,-* 

ISBN 3-211-83776-0 

Acta Neurochirurgica, Supplement 81 

Intracranial Pressure is a linking keyword, unit- 
ing various aspects of diagnostics and treat- 
ment of hydrocephalus, head injury, subarach- 
noid haemorrhage, and brain ischaemia. 

This volume contains selected papers pre- 
sented at the Xlth International Symposium on 
Intracranial Pressure and Brain Biochemical 
Monitoring, held in Cambridge, UK, in July 
2000. Various clinical and experimental metho- 
dologies are discussed including multipara- 
meter brain biochemical monitoring (including 
brain oxygenation, microdialysis and novel 
imaging techniques), assessment of cerebral 
autoregulation, measurement of brain compli- 
ance, etc. 

This state-of-the-art volume introduces neuro- 
scientists into a world of new techniques, 
models, monitoring modalities but also theories 
and new concepts, which highlight directions 
for the further research and future clinical 
practice. 



* All prices are recommended retail prices. Net-prices subject to local VAT. 
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